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Photothermal  -  or  Thermal -Wave  -  Imaqing  is  a  new  technique  for  the 
characterization  and  nondestructive  evaluation  of  materials.  This  report 
describes  developments  in  the  method,  theory,  and  application  of  thermal -wave 
imaging  techniques*.  Contrast  mechanisms  have  been  a  subject  of  dominant  interest 
and  several  distinct  mechanisms  have  been  shown  to  contribute  to  the  images 
obtained.  These  mechanisms  enocmpass  the  range  of  physical  processes  that 
create  the  thermal  image.  An  intimate  knowledge  of  these  mechanisms  is  needed 
for  thermal -wave  imaqing  to  become  a  quantitative  tool  for  material  characteri- 
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zation. 

>  A  theory  of  multilayer  films  has  been  developed  which  has  shown  that  both 
thermal  (and  for  optical  sources)  optical -boundary-condition  reflections 
contribute  to  the  temperature  field  within  the  specimen  and  hence  affect  the 
ability  of  thermal -wave  imaging  methods  to  determine  the  depth  (or  thickness) 
of  buried  flaws  (or  layers)^ 

In  additionr^n  analysis  has  been  made  which  shows  that  thermal  barriers 
affecting  heat  flow  in  a  heterogeneous  material  are  of  two  types,  one  type 
depending  exclusively  on  thermal  properties  and  the  other  type  depending  on 
both  thermal  and  optical  properties. 

Applications  of  thermal -wave  imaging  have  included  grain-boundary  studies 
in  metals,  studies  of  void  location  and  sizing,  and  closed  crack  visualization 
using  both  thermal  and  thermoelastic  methods. 


Summarizing  major  items,  we  have  shown  a)  tha thermal  -wave  imaging  is  a 
pervasive  technique  for  nondestructive  evaluation,  encompassing  a  variety  of 
experimental  configurations,  each  supplying  different  physical  information; 
b)  that  three  different  types  of  processes  are  effective  in  creating  thermal 
images;  c)  that  this  technique  is  suitable  for  studying  the  microstructure  of 
a  variety  of  materials;  d)  that  thermoelastic  mechanisms  are  operative  in 
thermal -wave  imaging;  and  e)Hihat  momentum  processes  are  ineffective  in  pro¬ 
ducing  thermal  images  using  particle  beam  sources.  We  have^al so  "developed  a 
new  thermal  wave  imaging  technique  using  an  ion-beam  as  the  excitation  source. 
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Photothermal  (Thermal  Wave)  Imaging  is  a  family  of  imaging  methods  with 
important  applications  for  materials  characterization  and  for  the  non¬ 
destructive  evaluation  of  materials.  These  methods  have  contributed  to  an 
understanding  of  the  properties  of  electronic  materials  and  structural 
materials  including  metals,  ceramics,  composites,  polymers  and  related  organic 
systems,  and  to  the  location  and  characterization  of  defects  in  materials  and 
electronic  devices. 

The  work  conducted  under  this  program  contributed  to  the  development  of 
an  understanding  and  application  of  thermal  wave  imaging  in  a  wide  range  of 
topics.  This  work  has  been  partially  described  in  publications  in  technical 
journals  and  talks  at  professional  meetings.  Additional  information  is 
contained  in  several  other  papers  that  have  been  accepted  for  publication,  but 
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Copies  of  these  publications  are  attached  to  this  report.  The  last  of  these 
publications  is  a  review  article  which  surveys  the  field  of  contrast  mechan¬ 
isms  in  thermal  wave  imaging,  including  our  work  and  the  work  of  others. 

In  addition  to  these  publications,  Jane  W.  Maclachlan,  a  graduate  student 
at  The  Johns  Hopkins  University,  has  completed  work  toward  a  doctorate  degree 
in  Materials  Science  based  upon  work  that  she  has  done  supporting  the  exper¬ 
imental  work  performed  under  this  contract.  Or.  Grover  C.  Wetsel,  Jr.,  a 
visiting  professor  from  Southern  Methodist  University,  has  contributed  to  some 
of  the  results  reported  here. 

The  work  summarized  in  this  report  extended  over  many  aspects  of  thermal 
wave  imaging.  This  brief  report  describes  our  general  approach  and  highlights 
our  major  results.  Details  of  the  work  done  is  contained  in  the  sixteen 
papers  listed  above  which  should  be  considered  to  be  an  integral  part  of  this 
report. 

In  carrying  out  the  work  done  in  this  program,  an  effort  was  made  to 
pursue  basic  issues  related  to  thermal  wave  imaging.  Special  attention  was 
given  to  contrast  mechanisms  operative  in  thermal  wave  imaging  -  i.e.,  those 
processes  that  produce  the  image.  These  studies  have  been  applied  to  both 
natural  and  fabricated  interfaces  in  sample  materials,  including  grain 
boundaries  and  artificially  created  cracks  in  metals. 

To  provide  a  background  for  the  analytic  and  experimental  results 
described  below,  we  begin  with  a  brief  description  of  thermal  wave  imaging. 


THERMAL  WAVE  IMAGING:  Theory  and  Techniques. 


Thermal  Wave  Imaging  is  characterized  by  use  of  a  modulated  excitation 
source  to  heat  a  sample  specimen  in  a  controlled  manner  [1-3],  Imaging 
methods  are  distinguished  by  the  type  of  excitation  source  used  and  by  the 
method  of  detecting  a  temperature  change  in  the  specimen.  Image  contrast 
depends  upon  spatial  variations  in  specimen  properties  and  upon  how  these 
variations  are  converted  into  a  measureable  detected  signal. 

A.  Survey  of  Thermal  Wave  Imaging  Techniques 

Figure  1  is  a  composite  sketch  representing  most  of  the  major  thermal 
wave  imaging  methods.  The  sample  shown  in  this  figure  is  opaque  to  the 
incident  beam,  but  thermal  wave  imaging  techniques  can  also  be  used  with 
transparent  specimens  [4].  The  modulated  excitation  beam  shown  in  Fig.  1  is 
vertically  incident  on  the  specimen.  This  beam  is  typically  a  laser  or 
particle  (e.g.  electron  or  ion)  beam,  but  it  could  also  be  a  microwave  [5,6] 
or  a  sound  beam  [7].  Other  modulated  heating  methods  that  have  also  been  used 
include  a  resistively-heated  source  [8]  attached  to  the  sample  and  rf  induc¬ 
tion  heating  [9],  In  all  cases  the  excitation  heats  the  specimen  directly,  by 
some  relaxation  process  particular  to  the  specimen  being  studied,  and  heats  it 
indirectly,  via  thermal  or  mass  diffusion  within  the  specimen. 

Several  detection  methods  are  shown  in  Fig.  1.  Optical  beam  deflection 
(OBD)  or  "mirage"  detection  (Method  1)  [10-12]  is  represented  by  the  surface 
skimming  probe  ray  traveling  through  a  gas  or  liquid  in  thermal  contact  with 
the  surface  of  the  sample.  This  ray  is  deflected  by  the  "thermal  lens" 
created  by  time-dependent  refractive  index  variations  in  the  fluid  caused  by 
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heat  transfer  from  the  specimen,  and  the  deflection  is  measured  by  a  position 
sensitive  optical  detector,  either  a  sectored  quadrant  detector,  a  lateral 
detector  or  a  conventional  optical  detector  apertured  by  a  knife  edge. 

The  geometry  of  the  0B0  process  is  shown  in  further  detail  in  Fig.  2. 
The  deflection,  $,  [12]  is  a  vector  quantity  measured  relative  to  the 
undeflected  probe  beam  path  and  the  normal  to  the  sample  surface.  This 
deflection  can  be  decomposed  into  a  deflection  in  the  plane  defined  by  the 
probe  ray  and  the  normal  to  the  specimen  surface  (normal  component),  and  a 
deflection  in  the  plane  orthogonal  to  that  plane  (transverse  component) 
[12,13].  Each  of  these  components  has  a  special  physical  significance  and  a 
simple  relationship  to  the  sample  surface  temperature.  The  normal  deflection 
of  the  probe  beam  is  proportional  to  the  average  surface  temperature  along  the 
projection  of  the  probe  beam  path  on  the  sample  surface,  while  the  transverse 
component  is  sensitive  to  the  average  surface  temperature  gradient  orthogonal 
to  the  probe  ray  along  this  same  path.  Both  of  these  relationships  are 
implicit  in  the  vectorial  expression  for  the  beam  deflection. 


I  =  -  /  dn/ndT  vT  x  dt 

p  y  9 


Here  n  and  Tg(x,y,z)  are  the  thermally  dependent  index  of  refraction,  and 
temperature,  respectively,  of  the  fluid  above  the  sample  surface,  d£  is  an 
incremental  length  along  the  probe  beam  path,  and  p  is  probe  beam  path  along 
which  the  line  integral  is  integrated.  [See  Refs.  12,  13  for  details.  These 
references  derive  the  dependence  of  the  deflection  on  the  distance  of  the 
probe  beam  above  the  sample  surface  (normal  offset)  and  the  dependence  on  the 
separation  of  probe  and  excitation  beam  axes  (transverse  offset).  They  also 
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describe  the  surface  temperature  pattern  produced  by  a  Gaussian  excitation 
beam  on  a  homogeneous  sample.] 

For  a  radially  symmetric  beam  and  for  isotropic  specimens,  the  amplitude 
of  the  transverse  signal  is  zero  when  the  two  beam  axes  intersect.  In  this 
configuration,  the  transverse  component  is  a  sensitive  monitor  of  thermal 
anisotropy  in  the  specimen.  Measurement  with  two  probe  beams  angularly 
displaced,  in  principle,  permits  the  reconstruction  of  the  specimen  surface 
temperature  distribution  by  a  method  somewhat  resembling  x-ray  tomography. 

In  Fig.  1,  Reflective  Optical  Beam  Deflection  (Method  2)  [14,15]  is 
represented  by  the  vertically-oriented  probe  ray.  This  ray  is  approximately 
parallel  to  the  excitation  beam.  It  passes  through  the  thermal  lens  region 
discussed  above  and  is  detected  by  a  position  sensitive  optical  detector  after 
reflection  from  the  specimen  surface.  In  reflected  OBD  detection,  the  reflec¬ 
ted  beam  is  affected  by  a  thermally  induced  deformation  of  the  specimen 
produced  locally  near  the  heated  region  as  well  as  by  the  thermal  lens  in  the 
fluid  above  the  sample  surface.  Image  formation  may  also  involve  thermal  mod¬ 
ulation  of  specimen  reflectivity  (thermo-reflectance)  [16]. 

Method  3  in  Fig.  1  is  optical  interferometry  [17,18].  This  method 
monitors  the  vertical  component  of  sample  surface  displacement  produced  by 
thermally  generated  elastic  waves  in  the  sample.  It  is  complementary  to  the 
reflective  optical  beam  ucflection  imaging  in  that  interferometry  detects  the 
vertical  displacement  of  the  surface  deformation  of  the  specimen  while  the 
optical  beam  deflection  detects  the  angular  tilt  of  the  surface. 

Photothermal  radiometry  (PTR)  (Method  3)  [19-21]  is  based  on  the  enhanced 
IR  emission  of  a  heated  object.  Figure  3a  shows  the  spectral  distribution  of 
IR  emission  for  a  heated  black  body  at  several  selected  temperatures  while 
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Spectral  radiance  (pW  cm" 


Fig.  3b  shows  the  spectral  distribution  of  the  incremental  emission  assuming 
a  1°  K  change  in  sample  temperature.  For  actual  specimens,  these  black  body 
curves  must  be  multiplied  by  the  wave  length  dependent  specimens  emissivity  to 
yield  curves  that  can  be  compared  with  experiment. 

This  method  is  non-contacting  and  is  capable  of  parallel  acquisition  of 
the  spatially-resolved  surface  temperature  by  using  devices  such  as  detector 
arrays  or  pyrovidicons.  Photothermal  radiomet ry  has  been  applied  to  a  range 
of  applications  including  measurement  of  thin  film  thickness  on  a  variety  of 
substrates  and  to  studies  of  thermal  transport  in  layered  materials.  PTR  can 
provide  image  contrast  through  spatial  variations  in  emissivity. 

The  last  method  shown  in  Fig.  1  (Method  4)  detects  thermoelastic  stress 
using  an  attached  transducer  [22-25]  or  an  optical  interferometer  [26,27] 
placed  at  a  point  of  the  sample  removed  from  the  point  of  heating.  The  detec¬ 
tor  position  shown  in  the  figure  is  on  the  side  of  the  sample  opposite  to  that 
illuminated  by  the  exciting  beam,  but  other  geometries  are  possible  and  may 
offer  some  advantages  in  specific  applications.  Method  4  involves  both  the 
temperature  field  in  the  sample  and  the  elastic  and  thermoelastic  response  of 
the  sample  in  the  signal  formation  process  and  is  termed  a  thermoelastic(TE) 
method  in  this  report. 

B.  Theoretical  Background 

Detection  methods  for  thermal  wave  imaging  can  be  classified  as  being 
either  THERMAL  or  THERMOELASTIC.  THERMAL  detection  is  a  local,  scalar  process 
in  which  image  data  depends  upon  the  temperature  pattern  developed  on  the 
sample  surface  by  local  heating.  The  image  may  also  depend  upon  which  temper¬ 
ature  dependent  physical  parameter  is  being  measured.  (This  analysis  assumes 
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that  the  only  important  transport  process  is  thermal  diffusion.  For  semicon¬ 
ductor  samples  or  for  certain  luminescent  or  porous  solids  where  mass  or 
excitation  transport  can  occur,  the  equations  must  be  modified  to  incorporate 
these  effects.  The  present  analysis  is  adequate  for  the  samples  discussed  in 
this  report.)  THERMOELASTIC  detection,  on  the  other  hand,  is  a  nonlocal 
process  which  depends  upon  both  the  thermal  and  mechanical  properties  of  the 
sample  via  the  thermoelastic  effect.  Elastic  waves  are  created  by  expansion 
of  the  sample  during  localized  heating,  and  as  a  result  the  detection  signal 
depends  upon  both  the  surface  and  bulk  temperature  of  the  sample. 

The  basic  relationship  between  these  two  types  of  imaging  is  expressed  by 
the  two  coupled  thermoelastic  equations  [28-30]: 


V2T  -  a’^T/at  =  -H(r,t  )/ic  +  (T  8,-B/k)  7  3u/3t  (2) 


V2u  +  (1+A/»)V(7  u)  -  (p/u)  32u/3t2  =  (6tB/lJ)  vT  (3) 

where  T(x,y,z)  is  the  temperature  throughout  the  sample  volume,  u(x,y,z)  is 
the  elastic  displacement  vector,  <  is  the  thermal  conductivity,  a  is  the 
thermal  diffusivity,  3t  is  the  volume  thermal  expansion  coefficient,  \  and 
u  are  the  Lame'  constants,  p  is  the  density,  B  is  the  bulk  modulus,  and 
H(x,y,z,t)  is  the  heat  source,  developed  as  the  incident  radiation  in  the 
excitation  beam  is  converted  to  heat.  H  is  the  source  function  for  Eq.  2, 
directly,  and  Eq.  3,  indirectly.  In  general,  it  extends  throughout  the 
specimen  volume  although  for  strongly  absorbing  specimens  it  may  be 
significant  only  near  the  specimen  surface. 
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The  right  hand  term  in  Eq.  2  represents  heat  produced  by  particle 
displacements  associated  with  an  elastic  wave.  This  term  is  usually  small. 
When  it  can  be  ignored,  the  two  equations  are  partially  decoupled,  and  the 
temperature  pattern  in  the  sample  is  produced  by  the  3  dimensional  thermal 
diffusion  equation: 


72T  -  a'^T/at  =  -  H(r,t )/k,  (4) 

subject  to  thermal  boundary  conditions.  This  pattern  exclusively  determines 
the  thermal  wave  image  when  THERMAL  detection  methods  are  used. 

In  THERMOELASTIC  thermal  wave  imaging,  the  displacement,  u,  is  measured, 
u  depends  upon  the  elastic  properties  of  the  specimen  via  Eq.  3,  and  upon 
elastic  boundary  conditions  in  the  sample  (in  the  near  field  limit).  Since 
the  source  term  for  Eq.  3  is  the  temperature  obtained  from  the  solution  of  Eq. 
2,  u  also  depends  upon  the  sample's  thermal  properties  and  thermal  boundary 
conditions. 

The  sample  temperature  determined  from  the  thermal  diffusion  equation  may 
be  solved  for  T$(x,y)  and  Tb(x,y,z),  the  surface  and  bulk  specimen  tempera¬ 
tures,  respectively.  This  analysis  leads  to  a  determination  of  Tb  and  T$  as 
functions  of  position  and  time,  or,  for  CW  modulation,  as  a  function  of  a»,  the 
angular  modulation  frequency  [13,31,32]. 

For  opaque  solids  most  THERMAL  thermal  wave  imaging  techniques  depend 
directly  on  T$.  In  OBD  imaging,  for  example,  there  is  heat  transfer  from  the 
specimen  surface  to  the  adjacent  fluid  and  the  specimen  parameters  are 
reflected  in  the  image  through  changes  in  T$.  This  dependence  on  T$  makes 
thermal  diffusion  an  integral  part  of  the  imaging  process,  and  consequently 


intrinsically  restricts  it  to  long  observation  times  or  low  modulation 
frequencies  when  sub-surface  details  of  the  specimen  are  of  interest  or  depth 
profiling  is  important. 


For  opaque  solids  where  only  surface  heatings  exists,  THERMOELASTIC 
thermal  wave  imaging  depends  on  an  integral  over  the  specimen  volume  that  is 
affected  by  thermal  diffusion.  Thus,  T^  contributes  to  the  image  directly, 
not  indirectly,  through  its  effect  on  Tg.  This  result  provides  the  basis  for 
the  observation  that  subsurface  features  can  be  detected  at  greater  depths  in 
THERMOELASTIC  imaging  than  in  thermal  imaging.  Since  temperature  changes  in 
the  specimen  directly  generate  stress  which  is  detectable  by  the  transducer, 
the  role  of  thermal  diffusion  in  the  signal  generation  process  is  reduced. 
Some  increase  in  modulation  frequency  and  hence  scanning  rate  may  be  made. 
These  findings  are  summarized  in  greater  detail  below. 

Some  of  the  characteristics  of  bulk  and  surface  temperature  is  evident  in 
an  analysis  of  heat  flow  in  thin  films  [33],  which  was  made  in  order  to 
provide  a  theoretical  basis  for  our  experiments  [34]  characterizing  thin  film 
samples,  specifically  determining  their  thickness  and  the  quality  of  their 
bondi ng. 

For  a  thermally  thick  planer  sample  with  a  thin  coating  on  its  surface, 
the  surface  temperature  is  given  by  the  expression, 

T$upf(p,t)  =  <2*)"3  Hlf  Hpt(*.«)  U-r0)  Hz(u)  (0/2*) 

00 

*  [exp (-u/D)+e  rf  exp(-2^£/D)  (exp(-u/D)-exp(u/0)/rn)] 
t-1  1 

exp  (j  (£*p+ujt) )  d£  du  du  .  (b) 


-VA.--.  v.  ^ 
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if  the  coating  is  sufficiently  opaque  so  that  heat  generation  occurs  in  the 
coating  only.  The  bulk  temperature  in  the  coating  is  given  by  the  expression, 

Tbulk(P*z*t)  =  (2,r)’3  ///  Hpt(*,a))  {exp(-(z-u)/D) 

c 

-  exp( (z-u )/D)]  du  +  {exp(z/d)-rnexp (-z/d)}  /  H  (u)  {exp(-u/D) 

u  0  2 

00 

+  5^  rj  exp(-2u/D)  (exp(u/D)  -  rQ  exp(-u/D)/r0)}  du  ] 

x  exp(j(£  p+ut))  d£  doi  (6) 

The  integral  limits  not  specified  are  from  -»  to  ».  ^pt(£»“)  is  the  Fourier 

transform  of  the  excitation  beam  spatial  distribution  on  the  sample  surface, 

Hz(u)  is  the  spatial  dependence  of  heat  generation  in  the  sample  with  depth 

(z),  D  is  the  effective  complex  thermal  diffusion  length  for  the  X  spatial 
o 

harmonic  (D=  /[a  +  joj/a]),  a  is  the  thermal  diffusivity  of  the  sample 
coating,  k  is  the  thermal  conductivity  of  the  coating,  5  is  the  coating 
thickness,  p  is  the  position  coordinates  in  the  transverse  plane,  z  is  the 
depth  in  the  sample,  r  and  Tg  are  the  thermal  match  at  the  substrate-coating 
and  the  air-coating  interfaces,  respectively,  and  r^*  r  Tg.  [The  thermal 
match  is  a  measure  of  the  thermal  discontinuity  at  an  interface  of  two  layers 
having  different  thermal  properties.  In  general,  r^=  C ( D/< ) ^ -  (D/*^] 

/[(D/k)j  +  (D/< ) 2]  at  the  interface  of  any  two  adjacent  layers,  1  and  2.] 

The  summation  in  Eqs.  5  and  6  represents  successive  reflections  of  the 
thermal  wave  at  the  coating-substrate  interface.  The  factor  2 iz,  is  the  total 
distance  travelled  in  the  tth  order  reflection. 
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Equations  5  and  6  simplify  for  two  experimentally  interesting  cases. 
These  are  for  an  opaque  sample  with  spatially  uniform  excitation  and  either  a 
pulsed  or  harmonic  excitation  source. 

For  a  harmonic  source, 

TClirf  U,t)  =  (6/tc)  [1  +  2  z  (-r)£  exp(-2u/s)]  exp  (.jut)  (7) 

surf  lal 


and 


Tbulk(z.u,t)=  (6/<)exp(-z/6)[l  +  z  (-r)z{exp(-2jic/6) 

t=l 


+  exp( (z-2fcc)/5 )}]  exp (jut)  (8) 

where  6  is  the  complex  thermal  diffusion  length. 

As  expected,  the  bulk  temperature  is  attenuated  through  the  multiplica¬ 
tive  factor,  exp (-z/<5 ) ,  which  is  typical  for  heat  diffusion  from  the  sample 
surface.  The  terms  in  the  summation,  however,  indicate  that  the  thermal 
interaction  with  the  reflecting  interface  is  different  for  the  surface  and 
bulk  temperatures. 

This  result  is  mirrored  in  the  time  regime  where 

T  -(t)  =  (wkC)'1/2  /V(t-u)  [1  +  2  l  ( -r )l  exp(-i2c2/ou)]  du//u  (9) 
surT  0  z  1=1 

and 

Th  (z»t)=  U*c)  /  H.(t-u)  exp(-z2/4au)  [1  +  Z  (-r)£  expU2;2/au) 
bum  Q  t  t»i 


\  X  u'  Jl 


X 


(expUcz/au)  +  expUcz/au)}]  du/^u 


(10) 


where  Ht(t)  is  the  temporal  excitation  pulse  shape. 

INSTRUMENTATION 

To  provide  the  capability  of  using  particle  as  well  as  laser  sources  for 
imaging,  a  Scanning  Electron  Microscope  (SEM)  and  a  Secondary  Ion  Spectrometer 
(SIM)  were  modified  to  create,  respectively,  a  Scanning  Electron  Acoustic 
Microscope  (SEAM)  and  a  Scanning  Ion  Acoustic  Microscope  (SIAM). 

The  SEM  that  was  modified  was  an  ETEC  Autoscan  Secondary  Electron 
Microscope  equipped  with  a  200  litre/second  ion  pump.  It's  beam  blanking 
system  was  magnetic  and  much  too  slow  for  acoustic  imaging.  The  magnetic 
blanking  coil  was  replaced  with  an  electrostatic  blanking  system  of  our  own 
design.  By  grounding  one  plate  and  reducing  stray  coupling  between  the  beam 
blanking  system  and  the  detection  system  to  a  minimum,  a  125  volt  square  wave 
blanking  pulse  was  obtained  with  a  rise  time  of  20  ns.  We  typically  use  the 
same  200u  beam  aperatures  for  both  acoustic  and  SEM  imaging.  We  have  used  a 
variety  of  PZT  transducers  and  peripheral  electronic  equipment.  An  important 
aspect  of  the  electronic  system  is  the  use  of  a  high  (lyHz)  resolution 
synthesizer  as  the  system  clock.  This  has  allowed  for  greater  control  than 
has  been  previously  reported  by  others. 

The  basic  SIMS  modified  for  thermoacoustic  imaging  was  a  GCA  IMS-1 01B 
with  a  high  voltage  capability  of  12  Kv  at  15  uA  designed  to  generate 
secondary  ions  by  ion-sputtering.  Again  an  electrostatic  beam  blanking  system 


was  developed  and  installed  for  beam  modulation,  and  a  PZT  detection  was  added 
within  the  vacuum  chamber. 

Figure  4  shows  a  block  diagram  of  the  electron  or  ion  acoustic  sytem 
capable  of  simultaneously  detecting  specimen  current  and  the  acoustic  ( PZT ) 
signal.  Provisions  were  made  for  spectrum  analysis  in  certain  experiments. 

Figure  5  shows  the  block  diagram  for  a  photothermal  imaging  system  that 
can  simultaneously  monitor  surface  temperature  through  mirage  detection  and 
through  PZT  detection.  The  specific  need  for  this  capability  is  discussed 
below  in  the  section  reporting  on  thermoelastic  contrast  mechanisms. 


IMAGE  CONTRAST  MECHANISMS 

The  structure  (i.e.,  contrast  features)  of  a  thermal  wave  image  is 
affected  by  many  factors.  A  number  of  potential  contrast  mechanisms  have  been 
identified,  and  some  controversy  has  existed  over  their  relative  importance. 
This  issue  is  further  complicated  by  a  mechanism  involved  in  visual  processing 
in  the  brain  (the  Craik-0 'Brien  effect)  [35],  This  mechanism  induces  an 
apparent  contrast  between  areas  on  either  side  of  a  visible  boundary,  a 
contrast  that  is  not  observed  in  numerical  processing  of  the  image  data.  We 
have  observed  this  effect  in  SEAM  (Secondary  Electron  Acoustic  Microscope) 
images  of  grain  structure  in  aluminum,  and  it  is  presumably  a  common  feature 
of  other  images.  When  viewing  thermal  wave  images  with  strong  boundary 
contrast,  care  must  be  taken  to  ensure  that  this  effect  does  not  influence  the 
interpretation  of  the  image. 

A  thermal  wave  image  is  initiated  by  a  beam  of  energy  (radiant  or  part¬ 
icle)  inpinging  upon  the  surface  of  a  sample  specimen.  The  contrast  features 
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Fig.  4  Block  diagram  of  electron  or  ion  acoustic  detection  system  showing 
simultaneous  detection  of  specimen  current. 


ig.  5  Block  diagram  of  laser  source  optical  beam  deflection  and  acoustic 
imaging  system. 


in  the  final  thermal  image  results  from  a  variety  of  contrast  mechanisms 
operative  between  the  initial  conversion  of  the  input  beam  energy  into  heat 
and  the  final  detection  of  changes  in  the  thermally  dependent  properties  of 
the  material . 

These  contrast  mechanisms  are  not  well  understood,  and  it  has  been  one 
objective  of  this  research  to  identify  potential  contrast  mechanisms,  to 
determine  their  relative  importance,  and  to  apply  this  information  to  help 
thermal  wave  imaging  become  a  tool  for  quantitative  characterization  of 
materials.  The  results  of  this  investigation  indicates  that  these  mechanisms 
differ  in  significance  depending  upon  the  sample,  upon  the  method  of 
illumination,  upon  the  method  of  detection,  and  upon  experimental  operating 
parameters  as  below. 

Contrast  mechanisms  can  be  separated  into  three  categories: 

1.  Beam  Specimen  Mechanisms  -  These  are  related  to  the  method  of  heat 
formation  within  the  sample  and  depend  upon  the  nature  of  the  beam  and 
manner  of  illumination  as  well  as  upon  the  sample  itself. 

2.  Thermal  Contrast  Mechanisms  -  These  are  related  to  heat  flow  within  the 
sample  and  consequently  they  are  affected  by  sample  thermal  inhomogen¬ 
eities  and  thermal  barriers  produced  by  impurities  and  major  defects  in 
the  sample  material. 

3.  Thermoelastic  Contrast  Mechanisms  -  These  are  related  to  the  interaction 
between  the  thermal  and  mechanical  systems  in  the  sample  and  upon  acoustic 
transmission  and  mechanical  boundary  conditions  in  the  sample  medium. 

Each  of  these  contrast  mechanisms  will  be  discussed  separately. 


1.  Beam-Specimen  Contrast 


Beam-specimen  interactions  are  manifest  in  a  variety  of  ways.  For 
optical  sources,  a  spatial  dependence  of  the  optical  absorption  or  the 
reflectivity  occurs,  either  of  which  may  be  wavelength  dependent.  For 
specimens  which  show  photochemical  or  photocatalytic  activity  including 
semiconductors  or  phosphorescent  materials,  spatial  variations  in  the  rate  of 


conversion  of  light  to  heat  contribute  to  the  image  as  does  carrier  or 
excitation  mi grati on/diffusion. 

For  electron  sources,  spatial  variations  in  the  fraction  of  beam  energy 
absorbed  and  the  spatial  distribution  of  the  absorbed  energy  are  sources  of 
beam-specimen  contrast.  The  volume  over  which  the  beam  is  absorbed  is  related 
to  the  energy  distribution  of  both  secondary  and  backscattered  electrons.  The 
secondary  electron  yield  is  of  prime  importance  to  SEM  microscopy,  however,  it 


is  the  rate  of  heat  deposited  in  the  specimen  and  its  spatial  distribution 
that  plays  the  primary  role  in  thermal  wave  imaging.  Measurement  of  the 
specimen,  secondary  electron  and  backscattered  electron  currents  alone  does 
not  adequately  specify  the  thermal  signal  generation  process. 

To  investigate  electron  beam-specimen  contrast,  several  silicon  IC's  were 
thermally  imaged.  Figure  6  shows  and  compares  secondary  electron  (SEM)  and 
scanning  electron  acoustic  microscope  (SEAM)  images  of  a  silicon  IC  for  two 
beam  voltages  (5  keV  and  30  keV)  [36],  A  NBS  conical  transducer  was  used  to 
detect  the  acoustic  signals.  At  the  lower  beam  voltage  where  the  interaction 
depth  is  of  the  order  of  0.5y,  both  SEM  and  SEAM  images  show  similar 
structure.  At  the  higher  beam  voltage  (interaction  depth  about  9u),  the  SEAM 
image  shows  buried  structure  not  observed  in  the  SEM  image.  In  other 
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experiments  it  was  found  that  one  origin  of  the  contrast  observed  in  the  SEAM 
images  was  spatial  changes  associated  with  impurity  doping.  Thermal  spreading 
of  the  details  of  the  image  is  observed  at  lower  modulation  frequencies. 

Ion  specimen  interactions  have  been  widely  studied  and  ion  bombardment 
has  become  an  important  tool  for  semiconductor  processing  and  surface  treat¬ 
ment  of  materials  [37,38].  In  addition,  ion  beams  have  been  used  as  analy¬ 
tical  tools  in  sputtering.  We  have  shown  that  ion  beams  can  also  act  as 
sources  for  thermal  wave  imaging.  In  general,  the  details  of  the  interactions 
are  complex  and  depend  upon  the  ions  used  for  bombardment,  on  the  composition 
of  the  target  and  on  the  incident  ion  energy  and  total  dose,  among  other 
parameters,  all  of  which  are  topics  of  current  interest.  A  common  character¬ 
istic  of  ion  sources  is  the  existence  of  a  "range"  which  defines  a  depth  in 
the  specimen  at  which  a  substantial  fraction  of  the  energy  in  the  incident 
beam  is  selectively  deposited.  This  raises  the  prospect  that  ions  might  be 
depth-selective  probes  for  materials  studies  in  imaging  applications. 

In  light  of  the  high  ion  mass  (relative  to  electron  mass)  and  the 
prospect  of  ion-specimen  interactions  specific  to  some  beam-specimen  com¬ 
binations,  the  question  of  the  role  thermal  and  non-thermal  beam-specimen 
interactions  play  in  ion-acoustic  imaging  becomes  important.  One  potential 
mechanism,  which  has  been  identified,  is  acoustic  wave  generation  caused  by 
ion  impact  and  the  related  momentum  transfer. 

Momentum  transfer  is  thought  to  be  responsible  for  fast-ion  beam  recrys¬ 
tallization  of  silicon  [39],  where  thermal  contributions  have  been  shown  to  be 
relatively  unimportant.  Secondary  ion  mass  spectroscopy  (SIMS)  techniques 
based  on  ion  sputtering  mechanisms  are  thought  to  be  dominated  by  momentum 
transfer  to  the  specimen  [40], 
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To  investigate  the  relative  importance  of  momentum  and  thermal  mechanisms 
in  ion-acoustic  signal  generation,  an  experimental  study  was  made  of  beam 
voltage  dependence.  Figures  7a,  b  show  the  dependence  of  the  acoustic  signal 
in  an  aluminum  specimen  as  a  function  of  beam  current  and  voltage,  respec¬ 
tively.  The  relative  importance  of  momentum  and  thermal  processes  in  acoustic 
generation  should  vary  with  beam  voltage  Vg  since  the  beam  momentum  rate, 

Pg  =  fl j ( 2M j q Vg ) 1  where  flj  is  the  ion  fluence,  q  the  specific  ion  charge,  Mj 
the  ion  mass,  and  Vg  the  beam  voltage.  The  resulting  total  acoustic  signal  Sy 
has  both  momentum  and  thermal  terms: 


ST  =  Smom  +  STH  =  V1  + 


B 


where  and  <2  are  constants.  For  a  momentum-only  process  the  slope  in  Fig. 
7b  would  be  0.5  based  on  this  relation.  A  thermal  process  would  ideally  have 
a  slope  of  1.0.  In  Fig.  7a  the  slope  of  acoustic  signal  is  linear  in  beam 
current  (slope  -1).  However,  in  Fig. 7b,  the  slope  of  acoustic  signal  with 
beam  voltage  Vg  is  approximately  equal  to  0.8.  This  could  be  considered  as 
suggesting  that  a  strong  thermal  contribution  is  present  along  with  a  momentum 
contribution.  This  presumed  thermal  contribution  far  exceeds  that  expected 
based  on  the  relative  importance  of  momentum  and  thermal  processes  in  the 
accepted  theories  of  sputtering. 

The  dominant  role  of  the  thermal  contribution  to  ion-acoustic  imaging 
under  specific  experimental  conditions  is  supported  by  line  scan  and  image 
data  comparing  ion,  electron  and  laser  sources  [41].  We  have  shown  that  all 
three  sources  give  equivalent  scanned  images  over  a  range  of  frequencies.  The 
specimen  studied  was  a  1  cm  diameter  aluminum  disk  3  mm  thick  containing  a 
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Fig.  7  Ion-acoustic  signal  dependence  on  beam  current  (a)  and  beam  voltage 
(b).  A  slope  of  1.0  is  expected  for  the  voltage  dependence  if 
thermal  effects  dominate  and  0.5  if  momentum  processes  dominate. 
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1  mm  slant  subsurface  hole.  Figure  8  shows  ion  line  scans  at  constant  slant 
hole  depth  for  several  frequencies.  Figure  9  shows  image  and  line  scan  data 
for  the  same  sample  using  electron  and  laser  sources  at  higher  frequency  and 
for  a  series  of  slant  hole  depths.  In  all  three  cases,  the  signal  increases 
over  the  hole  for  0/6jH  <  1  where  0  is  the  depth  of  the  slant  hole  at  the  scan 
location  and  5yH  =  [2a/tu]  ^  is  the  thermal  diffusion  length,  with 
a  =  </pC  and  id  =  2nf  the  angular  modulation  frequency.  As  the  ratio  of 
D/6TH  increases  (either  by  increasing  the  depth  of  the  hole  or  decreasing  6  by 
increasing  the  frequency),  the  signal  over  the  hole  decreases  and  two  lobes 
develop  adjacent  to  the  hole  position.  The  specifics  of  these  particular 
signal  shapes  are  discussed  in  the  Thermoelastic  Contrast  section  of  this 
report,  but  for  the  purposes  of  the  present  discussion  on  beam-specimen  con¬ 
trast  mechanisms,  it  is  important  to  note  that  these  signal  shapes  are  inde¬ 
pendent  of  excitation  beam  type,  indicating  a  common  thermal  signal  generation 
mechanism  for  all  sources.  This  suggests  that  momentum  transfer  does  not  play 
a  significant  role  in  ion-acoustic  imaging  contrast  under  the  conditions  of 
these  experiments.  An  additional  test  of  the  momentum  mechanism  was  made  by 
us  using  Ne,  Ar,  and  Xe  ions  as  the  exciting  source.  At  constant  beam  energy, 
the  momentum  increases  through  the  series  by  6  times,  however,  no  change  in 
acoustic  signal  was  seen  suggesting  a  minimal  momentum  term. 

2.  THERMAL  Contrast 

Thermal  contrast  mechanisms  are  widely  observed  in  thermal  wave  imag¬ 
ing.  They  play  a  major  role  in  current  applications  of  thermal  wave  imaging 
to  materials  characterization  and  non-destructive  evaluation  of  materials.  In 
many  of  these  studies  the  questions  of  interest  are  the  visualization  of 
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Ion-acoustic  profiles  for  a  sample  containing  a  subsurface  slant 
hole.  At  low  frequencies  thermal  interaction  with  the  hole  causes  a 
signal  increase.  At  high  frequencies  the  signal  generation  process 
is  still  thermal  but  the  contrast  interaction  is  non-thermal. 


Electron-acoustic  image  and  line  scans  of  sample  of  Fig.  8.  Laser 
acoustic  line  scans  are  also  seen.  While  the  modulation  frequency  is 
much  higher  than  that  of  Fig.  8,  the  information  is  similar. 

Particle  and  laser  excitation  yield  similar  specimen  response. 


specimen  microstructure,  location  and  sizing  of  buried  defects  in  opaque 
solids,  including  cracks  and  voids,  and  the  determination  of  the  character¬ 
istics  of  films  on  a  variety  of  substrates  including  the  question  of  film 
thickness  and  bonding. 

The  importance  of  thermal  contrast  mechanisms  in  thermoelastic  thermal 
wave  imaging  has  been  controversial.  Some  [2]  have  suggested  that  thermal 
contrast  mechanisms  are  the  important  mechanisms  responsible  for  imaging  of 
microstructure  in  SEAM  applications  while  others  [42,43]  have  suggested  that 
elastic  anisotropy  and  other  non-thermal  contrast  mechanisms  are  dominant, 
partly  due  to  the  importance  of  elastic  contrast  in  acoustic  microscopy. 

To  resolve  these  different  cot jectures,  we  obtained  high  contrast  SEM  and 
SEAM  images  of  grain  boundaries  and  specimen  microstructure  features.  Figure 
10  is  an  example  of  SEAM  imaging  of  mi crostructure  obtained  on  a  specimen  of 
polycrystalline  aluminum.  Contrast  between  grain  interiors  and  contrast  at 
the  grain  boundaries  are  both  clearly  observed.  The  dependence  of  the  grain 
boundary  width  observed  by  SEAM  on  modulation  frequency  is  shown  in  Fig.  11 
[44].  The  .-°*5  suggests  a  thermal  origin  of  the  image. 

Figure  12  shows  SEM  image  with  superimposed  SEAM  line  scans  measured  on 
an  aluminum  bicrystal  where  the  grain  boundary  is  normal  to  the  plane  of  the 
image.  The  precise  position  of  the  grain  boundary  is  identifiable  in  the 
secondary  electron  image  (on  which  the  electron-acoustic  line  scans  are 
superimposed)  because  of  a  preferential  attack  of  the  grain  boundary  by  the 
chemical  polishing  procedure  used.  The  physical  extent  of  this  attack  was 
much  smaller  than  a  thermal  diffusion  length  over  the  frequency  range  studied 
and  did  not  influence  the  SEAM  images.  Data  of  this  type  were  used  to 
construct  the  dependence  of  boundary  width  on  modulation  frequency  and  the 


10  Electron-acoustic  image  of  grains  in  high  purity  aluminum.  Note  the 
presence  of  contrast  at  the  grain  boundaries  and  between  the  inter¬ 
iors  of  grains.  Some  of  the  interior  contrast  is  due  to  the  Craik- 
O'Brien  effect. 


results  are  shown  in  Fig.  13.  The  solid  line  indicates  the  thermal  diffusion 
length  in  pure  aluminum  as  a  function  of  The  data  points  indicate  the 
half-width-half-maximum  (HWHM)  value  for  the  phase  signal  on  the  right  hand 
side  of  the  boundary  for  the  middle  line  scan  of  Fig.  12  for  a  series  of  5 
different  frequencies.  This  indicates  a  definite  thermal  component  to  the 
boundary  contrast  observed  in  SEAM  images  of  grain  structure.  Elastic 
contrast  mechanisms  are  not  excluded  from  a  role  in  mi crostructural  contrast, 
however. 

Thermal  contrast  depends  upon  spatial  variations  in  the  thermal  proper¬ 
ties  of  the  specimen,  <  and  pC  and  through  them,  upon  temperature,  composi¬ 
tion,  and  doping  (in  the  case  of  semiconductors  and  many  other  materials). 
For  homogeneous  specimens  these  parameters  may  be  determined  by  using 
modulated  temperature  methods  through  the  temporal  or  frequency  response  of 
the  specimen  temperature.  The  degree  of  homogeneity  required  [32]  depends  on 
the  thermal  detection  method  selected,  on  the  pump  beam  diameter,  and  on  the 

frequency  dependent  complex  thermal  diffusion  length  (6  =  j1^)  and 

1/2 

complex  thermal  admittance  (Y  =  [j2ojKc]  )  .  The  potential  spatial  resolu¬ 
tion  of  the  imaging  of  the  thermal  parameters  is  limited  by  considerations  of 
heterogeneity. 

Thermal  contrast  also  depends  on  changes  in  the  specimen  temperature  dis¬ 
tribution  caused  by  thermal  boundaries  [31],  These  boundaries  inhibit  thermal 
flow  in  the  specimen  and  lead  to  localized  increases  in  specimen  temperature 
[32].  For  many  metal  and  ceramic  specimens,  the  macroscopic  thermal  param¬ 
eters  depend  on  the  microstructure  and  hence  on  the  processing  history  of  the 
material.  Thermal  wave  imaging  may  be  able  to  help  determine  the  relative 
contribution  of  the  intrinsic  thermal  property  values  and  the  extrinsic 
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Fig.  13  Plot  of  grain  boundary  width  vs.  The  solid  line  is  the 

thermal  diffu|ion  length  of  aluminum  calculated  using  a  diffusiv- 
ity  a=  1.0  cm4  sec"  . 
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thermal  boundary  impedance  to  the  macroscopic  parameter  values.  However, 
relating  image  features  to  intrinsic  and  boundary  thermal  contrast  mechanisms 
is  difficult. 

To  further  determine  the  effect  of  heterogeneities  on  thermal  wave 
imaging,  a  theoretical  investigation  was  made  of  the  effects  of  spatially 
varying  thermal  and  optical  parameters  on  sample  surface  temperature.  The 
particular  case  of  one-dimensional  heterogeneity  varying  with  depth  was 
considered.  This  case  was  amenable  to  a  closed  form  analytical  solution  and 
was  directly  applicable  to  all  layered,  and  many  composite,  materials. 

The  results  indicate  that  both  thermal  and  optical  heterogeneities 
produce  thermal  barriers  in  the  sample  that  impede  heat  flow.  These  barriers 
can  be  separated  into  two  groups  identified  as  pure-thermal  barriers  and  opto- 
thermal  (or  photothermal )  barriers  [45].  The  first  type  of  barrier  is 
produced  by  spatial  variations  in  the  thermal  effusivity,  e(x,y,z),  while  the 
second  is  created  by  spatial  variations  in  the  ratio  [R(x,y,z)]  of  the 
optical  absorption  length  to  the  thermal  diffusion  length. 

The  magnitude  of  these  thermal  barriers  is  expressible  in  terms  of  a 
barrier  density  that  is  proportional  to  the  logarithmic  derivative  of  e  or  R, 
respectively,  with  depth  in  the  sample.  Specifically, 


These  results  indicate  that  when  thermal  and  optical  properties  vary  rapidly 
(spatially)  within  a  sample,  these  heterogeneities  can  be  seen  in  a  thermal 
image  just  as  sample  defects  or  impurity  inclusions  can. 
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The  analysis  also  indicates  that  spatial  variations  in  thermal  capacity 
and  thermal  conductivity  may  affect  the  thermal  image  differently.  In  areas 
of  the  sample  where  there  is  optical  saturation  (i.e.,  where  the  thermal 
diffusion  length  is  large  compared  with  the  reciprocal  optical  absorption 
length,  [R> >1 ] ) ,  the  simple  homogeneous  temperature  pattern  that  would  exist 
in  the  absence  of  heterogeneities  is  distorted  by  spatial  variations  in  the 
optical  absorption  coefficient  and  thermal  conductivity,  but  not  by  spatial 
variations  in  thermal  capacity.  By  contrast,  in  areas  of  the  sample  where  it 
is  optically  unsaturated  [R<<1],  thermal  waves  are  reflected  by  spatial  varia¬ 
tions  in  optical  absorption  and  thermal  capacity  but  not  by  spatial  variations 
in  thermal  conductivity.  Since  optical  saturation  is  frequency  dependent,  the 
variation  of  the  modulation  frequency  can  be  used  experimentally  to  alter  the 
thermal  dependence  in  the  thermal  image.  (Heterogeneous  thermal  effects  is 
discussed  in  more  detail  in  Paper  #13  in  the  appendix  of  this  report.) 

3.  THERMOELASTIC  Contrast 

Thermoelastic  contrast  mechanisms  encompass  the  coupling  of  potentially 
anisotropic  elastic  parameters  with  the  temperature  field  through  the  thermal 
expansion  tensor,  subject  to  thermal  and  elastic  boundary  conditions. 
Although  the  complexity  of  this  coupling  in  practical  applications  makes  an 
analytical  solution  difficult  to  obtain  except  for  selected  special  cases, 
substantial  progress  has  been  made  in  acoustic  microscopy  in  interpreting 
images  in  terms  of  elastic  parameters  [46-48].  Scanning  acoustic  microscopy 
clearly  shows  the  presence  of  microstructure  such  as  grains  and  grain 
boundaries  in  metals.  Briggs  [42]  has  noted  the  similarity  of  acoustic  images 
and  electron-acoustic  images  and  has  suggested  that  elastic  contrast  may  play 
a  role  in  SEAM  imaging. 
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To  explore  the  role  of  elastic  contrast  mechanisms  in  THERMOELASTIC 
thermal  wave  imaging,  we  conducted  two  series  of  experiments,  one  series 
imaging  a  fabricated  vertical  crack  in  a  metal  (aluminum)  sample,  and  the 
other  simultaneously  imaging  a  buried  hole  in  an  aluminum  sample  using  both 
THERMAL  thermal  wave  detection  and  THERMOELASTIC  thermal  wave  detection. 

The  presence  of  elastic  contrast  mechanisms  in  thermal  wave  imaging  was 
established  [41]  using  an  attached  transducer  in  an  experiment  employing 
simultaneous  optical  beam  and  piezoelectric  detection  in  SEAM  imaging.  Laser 
acoustic  and  normal  deflection  component  OBD  line  scans  of  an  aluminum  sample 
containing  a  buried  slant  hole  are  shown  in  Fig.  14.  The  acoustic  detection 
method  senses  the  hole  to  greater  depths  than  the  purely  thermal  method.  This 
result  is  consistent  with  our  previous  discussion  of  the  role  Tb  and  Ts  play 
in  the  two  detection  methods. 

The  importance  of  non-thermal  contrast  mechanisms  in  thermoelastic 
imaging  is  also  shown  in  Fig.  9  where  a  second  type  of  signal  shape  develops 
as  the  hole  depth  increases.  In  this  figure  the  hole  is  observable  down  to 
depths  reaching  to  D/6jH  >  23  where  D  is  the  depth  and  6jH  is  the  thermal 
diffusion  length.  (Ri ngermacher  [49]  has  made  similar  observations.)  Neither 
Tb  or  T$  are  affected  by  the  presence  of  the  hole  at  such  large  values  of 
D/5th*  Hence,  the  contrast  mechanism  must  be  non-thermal. 

A  speculative  explanation  of  these  observations  is  that  the  angular 
distribution  of  the  specimen  stress  response  is  a  cone  of  approximately  40 
degree  cone  angle  peaked  on  epicenter.  If  this  cone  is  interrupted  by  the 
hole  at  varied  depth,  the  image  of  Fig.  9  is  produced.  The  existence  of  a 
finite  extent  to  the  stress  distribution  is  supported  by  observations  using 
localized  detectors.  In  our  experiments  an  increase  in  signal  is  observed 
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Fig. 14  Laser  source  normal  0B0  and  PZT  line  scans  of  a  slant  hole  speci¬ 
men.  Thermal  interaction  with  the  buried  hole  is  observed  at  greater 
depths  with  attached  transducer  detection  than  with  0B0  detection. 
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when  an  excitation  beam  passes  over  the  region  of  the  specimen  directly  above 
the  NBS  conical  transducer.  (Kubota  and  Marai  [50]  conducted  laser  acoustic 
experiments  with  a  monolithic  detector  array  on  a  PZT  substrate  and  have  found 
a  very  strong  maximum  in  PZT  signal  when  the  exciting  beam  was  directly  above 
the  active  detector.  Our  ion-acoustic  studies  of  other  slant  hole  and  partial 
hole  specimens  are  consistent  with  this  proposal.) 

Our  experiments  with  vertical  boundaries  indicate  that  both  thermal  and 
thermoacoustic  contrast  mechanisms  contribute  to  thermoelastic  imaging  of 
these  boundaries  [51].  Figure  15  shows  magnitude  and  phase  images  at  1.1  kHz 
of  a  portion  of  a  sample  containing  a  fabricated  vertical  crack  for  transverse 
OBD  and  PZT  detection  respectively  and  excitation  with  an  Ar+  laser  source. 
Registration  of  the  figures  is  possible  using  the  features  labeled  (A)  in  each 
figure.  The  local  features  seen  are  probably  iron  and  manganese  inclusions  in 
the  2024  aluminum  alloy. 

The  interface  is  not  visible  in  normal  deflection  magnitude  and  phase 
images  but  is  present  in  the  transverse  magnitude  and  phase  images.  Trans¬ 
verse  phase  images  shows  a  180  degree  phase  reversal  at  the  boundary  and  no 
signal  related  to  inclusions.  The  PZT  image  closely  resembled  the  normal 
deflection  image  and  gave  no  indication  of  the  interface. 

The  measurements  were  repeated  using  the  electron  source  with  the  same 
specimen-detector  combination  without  disrupting  the  bond.  The  frequency 
dependence  observed  for  the  electrons  fits  an  w-1  dependence  at  low  frequen¬ 
cies  and  shows  a  frequency  corner  around  8  KHz.  No  interface  contrast  is  seen 
below  4.5  KHz  but  strong  contrast  is  present  above  7  KHz  with  a  transition 
region  between.  The  absence  of  interface  contrast  in  the  laser  source  images 
at  1.1  KHz  is  consistent  with  the  absence  of  contrast  at  low  frequencies  using 
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Transverse  deflection  component  Optical  Beam  Deflection  contour  image 
showing  a  narrow  vertical  Boundary  (a).  Attached  transducer  image 
(PZT)  of  the  same  region  (b).  Points  labeled  A  allow  registration. 
The  2024  aluminum  sample  consisted  of  two  sections  lapped,  polished 
and  clamped  together  with  other  faces  then  polished. 


the  electron  beam.  The  co  dependence  suggests  a  thermal  signal  generation 
process  in  this  low  frequency  regime.  The  visibility  of  the  interface  above 
8  kHz,  however,  suggests  that  a  non-thermal  mechanism  contributes  to  the  image 
contrast  in  this  case.  This  conclusion  is  further  supported  by  the  absence  of 
any  frequency  dependence  of  the  width  of  the  boundary  region  (~  200  microns). 
This  width  should  be  compared  with  the  SEM  determined  width  of  the  interface 
of  3  microns  and  with  the  thermal  diffusion  length  of  70  microns  at  7  KHz. 
The  conclusion  is  that  thermal  contrast  is  not  important  in  this  case  possibly 
because  the  width  of  the  apparent  boundary  (200  ym)  is  large  relative  to  the 
thermal  diffusion  length.  Elastic  contrast  may  be  important  at  higher 
frequencies.  No  model  of  these  phenomena  is  presently  available. 


SUMMARY  AND  CONCLUSIONS 

Thermal  Wave  Imaging  was  first  developed  in  the  early  1980's.  Since  then 
it  has  expanded  greatly  and  has  become  an  important  tool  for  locating  and 
characterizing  defects  in  structural  materials  and  electronic  devices  and  for 
studying  and  monitoring  the  microstructure  of  materials.  Some  of  the  mate¬ 
rials  that  have  been  studied  include  metals,  ceramics,  composites,  polymers, 
and  related  organic  systems,  as  well  as  semiconductors  and  luminescent 
phosphors. 

A  variety  of  thermal  wave  imaging  techniques  exist.  Each  has  different 
experimental  requi rements,  and  each  provides  different  information  about  the 
material  being  studied.  Many  of  these  techniques  are  non-invasive  and  non¬ 
contacting  making  them  ideally  suited  for  the  non-destructive  evaluation  and 


characterization  of  materials. 


The  experimental  and  analytical  results  obtained  in  this  research  project 
have  ranged  over  a  wide  spectrum  of  topics  as  indicated  by  the  range  of 
subject  matter  and  number  of  the  publications  appended  to  this  report.  Our 
objective  has  been  to  address  fundamental  issues  related  to  thermal  wave 
imaging  using  physical  systems  of  scientific  and  industrial  interest  to 
investigate  these  issues.  We  have  found  that  thermal  wave  imaging  is 
especially  suitable  for  studying  many  of  the  new  structural  and  electronic 
materials  that  are  presently  being  created. 

In  particular  we  have  been  concerned  with  contrast  mechanisms  in  thermal 
wave  imaging  since  these  are  the  processes  that  form  the  thermal  image  and 
consequently  are  fundamental  to  all  aspects  of  thermal  wave  imaging.  From  our 
work  it  has  become  evident  that  the  initial  concept  of  purely  thermal  image 
contrast,  which  was  widely  held  when  this  work  began,  must  now  be  expanded  to 
include  beam-specimen  and  elastic  contrast  mechanisms.  We  have  also  shown 
that  while  thermal  wave  imaging  is  useful  in  locating  defects,  which  was  the 
initial  motivation  for  using  it,  it  is  a  far  more  pervasive  tool  for  the  non¬ 
destructive  evaluation  of  materials.  In  particular,  we  have  show  it  to  be 
useful  in  investigating  the  microstructure  of  materials  and  studying  inter¬ 
actions  between  the  exciting  radiation  and  the  sample. 

Some  major  results  of  this  project  can  be  listed.  We  initiated  the 
development  of  a  new  thermal  wave  technique  using  an  ion-beam  source,  and 
using  this  method  showed  that  a  momentum  contrast  mechanism  plays  a  minor  role 
role  in  thermal  wave  imaging.  Recently  we  have  shown  that  ion-acoustic 
specimen  interactions  are  surface  sensitive  and  may  be  another  tool  for 
surface  analysis,  playing  a  role  in  ion  implantation  and  in  ion  milling.  We 
have  also  shown  that  mechanical  as  well  as  thermal  contrast  mechanisms  are 


effective  in  creating  thermal  wave  images  and  have  obtained  images  of 
subsurface  defects  in  aluminum  specimens  at  depths  greater  than  23  thermal 
diffussion  lengths.  In  addition,  we  have  shown  that  it  is  possible  to  do 
depth  probing  in  electronic  devices  utilizing  the  electron  beam-specimen 
interaction  characteristics  of  electron  beam  excitation. 

Analytically,  we  have  investigated  heat  flow  in  heterogeneous  materials 
with  continuously  varying  thermal  and  optical  properties  in  one  dimension  and 
have  shown  that  two  different  type  of  thermal  barriers  are  created  by  spatial 
variations  in  optical  and  thermal  properties. 

Additional  results  and  details  of  the  experiments  and  analysis  summarized 
in  this  report  are  contained  in  the  sixteen  publications  attached  to  this 
report  as  an  appendix. 
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A  Thermal  Wave  Approach  For  Heterogeneous  Materials  With 
Continuously  Varying  Thermal  And  Optical  Properties  In  One  Dimension* 


Leonard  C.  Aamodt  and  John  C.  Murphy 
Applied  Physics  Laboratory 
Johns  Hopkins  University 
Johns  Hopkins  Road, 

Laurel,  Md.  20707  U.S.A. 


The  physical  existence  of  thermal  waves  has  been  the  subject  of 
controversy,  but  their  use  as  a  mathematical  tool  in  analyzing  photo- 
thermal  processes  has  provided  easy,  natural,  and  productive  solutions 
for  many  problems.  In  addition,  the  conceptual  framework  based  on 
thermal  waves  has  provided  a  useful  guide  for  intuitive  thinking  about 
these  problems.  In  this  paper,  a  simple  thermal  wave  approach  is  used  to 
describe  the  complicated  heat  flow,  and  temperature,  patterns  in 
heterogeneous  materials  with  continuously  varying  thermal  and  optical 
properties  in  one  dimension.  Such  materials  are  abstractions,  but  they 
are  approximated  by  planer  layered  and  composite  materials,  some  thin 
film  samples,  and  materials  with  impurities  whose  presence  is  predomin¬ 
antly  dependent  upon  depth  within  the  sample.  Conceptual,  rather  than 
computational,  aspects  are  emphasized.  We  consider  the  broad  beam  case 
where  heat  flow  is  predominately  in  one  dimension.  This  result,  although 
restricted,  has  many  features  in  common  with  general  heat  flow. 

If  instead  of  using  thermal  capacitance  (C),  thermal  conductivity 
(<),  and  optical  absorption(0 )  as  the  basic  thermal  and  optical  para¬ 
meters,  the  complex  thermal  diffusion  length  [6*  ic /  jcoC ] ,  the  thermal 
admittance  [y=*  <5/k]  ,  and  the  ra^io  of  the  thermal  diffusion  length  to  the 
optical  absorption  length  (3  ;,  [ e  =8 5 ]  are  used,  a  simple  notation 

results  and  this  choice  provides  a  natural  way  to  characterize  heat 
obstructions  within  the  sample.  These  obstructions  can  be  classified  as: 
heat -source-spa tial-f luctuations  (which  have  received  insufficient 

attention),  which  develop  at  locations  in  the  sample  where  the  "effect¬ 
iveness"  of  a  heat  source  in  establishing  a  temperature  pattern  in  the 
sample  changes,  and  thermal  barriers,  which  are  created  by  spatial 
variations  in  the  sample's  thermal  properties.  The  first  type  of 
obstruction  depends  upon  both  the  optical  and  thermal  properties  of  the 
sample  while  the  latter  depends  on  thermal  properties  only. 

New  thermal  waves  are  created  at  heat-source-spatial-fluctuation 
levels  as  well  as  at  thermal  barriers  and  propagate  through  the  sample. 
The  surface  temperature  (i.e.,  the  complex  summation  of  these  waves  at 
the  sample  surface)  can  be  decomposed  into  two  components,  one  similar  to 
that  which  would  be  obtained  for  a  homogeneous  sample  with  the  weight- 
averaged  properties  of  the  heterogeneous  sample  and  a  second  component 
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containing  terms  depending  exclusively  on  the  heterogeneous  character  of 
the  sample.  The  heterogeneous  component-  can  be  expressed  in  terms  of  a 
continuum  of  thermal  barriers  and  heat-source-fluctuations. 

An  alternate  formulation,  allows  the  heterogeneous  component  to  be 
expanded  in  terms  of  basis  functions  obtained  from  simple  homogeneous 
thermal  wave  solutions,  and  which,  when  expressed  in  terms  of  <  and  C, 
describe  how  the  surface  temperature  depends  upon  the  degree  of  optical 
saturation  at  each  depth  in  the  sample. 

In  the  approach  used,  a  formal  solution  of  the  heat  equation  is 
obtained  before  a  knowledge  of  the  spatial  patterns  of  thermal  and 
optical  properties  in  the  sample  are  required.  These  patterns  are  then 
used  to  evaluate  the  spatial  integrals  that  comprise  the  formal 
solution.  The  generalized  solution  that  is  obtained  expresses  the 
surface  temperature  in  terms  of  surface  and  bulk  heat  obstructions  in  the 
sample  and  shows  that  the  logarithmic  derivative  of  the  thermal 
admittance  describes  a  continuum  of  thermal  barriers  within  the  sample 
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bulk. 


Two  types  of  thermal  waves  are  distinquished  in  this  solution: 
reflected  waves  which  are  created  by  both  optical  and  thermal  discontin¬ 
uities  in  the  sample  and  whose  propagation  characteristics  depend  exclus¬ 
ively  on  the  sample's  thermal  properties,  and  fundamental  (or  heat- 
source-waves)  that  are  created  by  spatial  variations  in  both  optical  and 
thermal  properties  and  whose  propagation  characteristics  depend  only  on 
the  optical  properties  of  the  sample. 

While  frequency  dependance  in  heterogeneous  samples  is  complicated, 
it  is  possible  to  subdivide  this  dependence  into  various  frequency- 
dependence  patterns  and  to  assign  a  particular  pattern  to  each  wave. 
This  allows  a  determination  of  the  relative  contribution  of  each  wave  to 
the  total  frequency  dependence  of  the  sample. 


*  This  work  has  been  supported  by  the  Office  of  Naval  Research,  the  U.S. 
Army  Research  Office  and  the  U.S.  Naval  Sea  Command  under  Contract  No. 
N00024-85-C-5301. 
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Thermal  effects  in  photothermal  spectroscopy  and  photothermal  imaging 

L.  C.  Aamodt  and  J.  C.  Murphy 
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The  effect  of  thermal  parameters  on  photothermal  spectroscopy  and  photothermal  imaging  for 
certain  types  of  spatially  heterogeneous  samples  has  been  studied.  Results  have  been  obtained  for 
both  photoacoustic  and  photothermal  deflection  modes  of  detection.  Specific  attention  has  been 
paid  to  optical  saturation  in  samples  whose  properties  exhibit  gradual  spatial  changes  and  to  the 
dependence  of  the  photothermal  signal  on  the  individual  thermal  parameters.  Most  photothermal 
spectroscopy  has  been  done  using  thermally  homogeneous  samples,  and  most  photothermal 
imaging  using  optically  saturated  samples.  In  this  paper,  these  limitations  are  relaxed,  and  the 
photothermal  signal  is  assumed  to  depend  simultaneously  on  gradual  spatial  variations  in  the 
optical  absorption  coefficient,  thermal  conductivity,  and  thermal  capacity  of  the  sample. 

PACS  numbers:  44.50.  +  f,  78.20.Nv,  07.60.Pb 


I.  INTRODUCTION 

Photoacoustic  (PA),  or  more  generally,  photothermal 
spectroscopy  has  the  ability  to  measure  optical  absorption 
properties  of  opaque  or  highly  scattering  solids.  This  ability 
is  associated  with  the  nature  of  the  detection  process  which 
measures  temperature  changes  in  a  sample  or  at  its  sur¬ 
face.  1 *4  Because  the  signal  generated  is  defined  by  an  inti¬ 
mate  association  of  optical  and  thermal  properties,  photo¬ 
thermal  methods  have  also  been  used  to  measure  sample 
thermal  properties.9  In  addition,  nonradiative  transition 
rates  and  processes  present  in  luminescent  or  in  photochemi- 
cally  active  solids6  can  be  measured. 

In  most  spectroscopic  studies  a  spatially  uniform,  tem¬ 
porally  modulated  light  source  heats  a  spatially  homogen¬ 
eous  sample.  Under  these  conditions,  heat  flow  in  the  sample 
is  normal  to  the  sample  surface,  and  one-dimensional  diffu¬ 
sion  theory  adequately  describes  the  temperature  in  the  sam¬ 
ple  volume  and  on  the  sample  surface.  In  a  heterogeneous 
sample,  however,  optical  and  thermal  properties  vary  spa¬ 
tially  so  that  each  point  on  the  sample  surface  contributes 
differently  to  the  photothermal  signal.  Consequently,  when 
broad-beam  excitation  is  used,  the  photothermal  signal  is  an 
average  over  the  sample  surface.  When  the  optical  spectrum 
at  a  specific  point  on  the  surface  of  a  heterogeneous  sample  is 
wanted,  localized  excitation  must  be  used  and  three-dimen¬ 
sional  heat  flow  must  be  considered  in  interpreting  the  re¬ 
sults  obtained.  In  this  case,  relative  spectral  amplitudes  can 
be  quantitatively  compared  only  when  the  sample  is  unsatu¬ 
rated  and  the  spectra  have  been  obtained  at  the  same  point 
on  the  sample  surface. 

Imaging  studies  of  defects  in  metals7  8  in  thin  films9  and 
in  integrated  circuits10  have  also  been  made  using  localized 
excitation.  Most  of  these  studies  have  used  photothermally 
saturated  samples.  In  this  paper,  we  consider  a  broader  class 
of  conditions  where  the  sample  is  not  photothermally  satu¬ 
rated  and  where  both  optical  and  thermal  properties  land 
their  spatial  variations)  affect  the  observed  photothermal 
signal.  We  consider  only  heterogeneous  samples  whose  ther¬ 
mal  and  optical  properties  vary  slowly  relative  to  a  sample 
thermal  diffusion  length.  The  results  we  obtain,  however, 
show  features  that  must  be  present  in  an  analysis  of  general 
heterogeneity. 


Before  discussing  these  topics,  we  briefly  review  a  new 
method  of  photothermal  detection  which  is  especially  suited 
to  the  study  of  heterogeneous  materials  because  of  its  use  of 
localized  detection. 

II.  OBD  DETECTION 

Recently  a  new  method  of  photothermal  imaging111' 
has  been  developed  based  on  optical  beam  deflection  (OBD) 
spectroscopy.1314  Figure  1  illustrates  the  basic  principles  of 
OBD  detection  when  applied  to  a  spatially  homogeneous 
solid  under  localized  heating.15  An  amplitude-modulated, 
focused  laser  beam  heats  the  sample  at  the  point  x0,  y(ifi 
causing  a  temporal  and  spatial  variation  in  the  temperature 
T(xo>j)  within  the  sample,  the  temperature  T,{xy)  on  the 
sample  surface,  and  the  temperature  T/x,yj)  in  the  fluid 
(liquid  or  gas)  immediately  above  the  sample  surface.  This 
figure  shows  the  temperature  profile  of  Ts  (x,yj  at  an  arbi¬ 
trary  time  t.  Thermal  diffusion  in  the  sample  causes  the  pro¬ 
file  of  Ts  to  differ  from  that  of  the  incident  light  distribution 
Io(xj>). 

When  /„  is  radially  symmetric,  the  fluid  temperature 
and  sample  surface  temperature  are15 

Ts\r)=  f  t  ( n)  h  ( pt)  J0[  fir)  dn 
Jo 

=  f  T,{n)pJ0[nr)dn,  (1) 

Jo 

Tf(rj)=  f  ts(fi)nJ0(fir)exp{  -  bfz)dfi, 

Jo 

where  r  is  the  radial  distance  from  the  beam  axis,  /„  is  the 
zero-order  Bessel  function  of  the  first  kind,  b]  =  fj.1  4-  2j/8], 
5,  =  (2 tc,/ajC,)'12  is  the  real  diffusion  length,  and  k,  and  C, 
are  the  thermal  conductivity  and  thermal  capacity,  respec¬ 
tively,  in  media  i.  (For  simplicity  we  drop  the  subscript  s 
when  referring  to  sample  thermal  parameters.)  co  =  In f, 
where  /is  the  modulation  frequency.  fx/2n  is  the  spatial 
frequency,  t  ( //)  contains  the  dependence  of  the  surface  tem¬ 
perature  on  the  sample  optical  and  thermal  parameters. 
h  ( n)  =  |  IqR  2/2\  exp(  -  fi2R  2/4)  contains  the  dependence 
on  the  heat  source  (which  we  assume  to  be  a  Gaussian  excita¬ 
tion  beam  of  intensity  /0  and  radius  R  ),  and  f,(jU)  is  the 
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FIG.  I.  A  diagramatic  representation  of 
the  surface-temperature  profile  showing 
optical  beam  deflection  trajectories  for 
various  probe-beam  transverse  offsets 
when  localized  excitation  is  used.  When 
the  transverse  offset  #0,  the  deflection  has 
both  a  normal  and  transverse  component. 
iFor  clarity,  only  the  transverse  compo¬ 
nent  is  shown.  |  When  the  transverse  off¬ 
set  =  0,  the  transverse  component  is  ab¬ 
sent. 


Hankel  transform  of  Tt{r).  If  I^xjr)  is  radially  symmetric, 
Ts[xy)  is  also  radially  symmetric  in  a  homogeneous  sample. 

It  is  convenient  to  express  fx  in  units  of  2 /R,  thus  we  let 
H  =  2 v/R.  Then, 

T/rj)  =  4 /R 2  j  T (v)  v  J^lvr/R  ) 

X  exp<  -  bj{v\z)  dv ,  (2) 

where  b 2  =  2//<5?(l  -  2jvl61i/R  2). 

For  fluids  whose  optical  index  of  refraction  varies  with 
temperature,  a  time  varying  thermal  lens  is  created  which 
deflects  a  small-diameter  probe  beam  (moving  parallel  to  the 
sample  surface)  through  an  angle  whose  magnitude  and  di¬ 
rection  depend  on  the  index  of  refraction  gradient  integrated 
along  the  probe-beam  path. 

Several  special  cases  are  shown  in  Fig.  1.  If  the  probe 
beam  passes  through  the  center  of  the  temperature  profile, 
only  a  z-directed  (normal)  deflection  is  present.  For  rays  on 
either  side  of  the  center  of  the  profile,  a  reduced-amplitude 
normal  deflection  component  and  a  transverse  deflection 
component  (i.e.,  a  deflection  parallel  to  the  plane  of  the  sam¬ 
ple  and  normal  to  the  probe  ray)  are  observed.  The  direction 
of  the  transverse  component  is  reversed  for  the  two  rays. 
Analytically,  the  deflections  <b„ ,  for  a  narrow  probe  beam 
are15 


*,«♦ /R  f"  To'f^b^v) 

Jo 

X  exp<  -  bf  z )  cosilvy/R  )  dv , 


(3) 


4,  =  8 /R  2  P  7V 1  7»  v 

Jo 

X  exp<  —  bf  z)  sin(2vy/J? )  dv , 

where  n  is  the  index  of  refraction  in  the  fluid. 


Tq  1  =  —  n~l  dn/dTf,  y  is  the  transverse  offset  of  the 
probe  beam  (see  Fig.  1 ),  and  the  subscripts  n  and  t  denote  the 
normal  and  transverse  deflection  components,  respectively. 
If  the  variation  in  fluid  temperature  is  small,  TV  1  is  essen¬ 
tially  constant  and  can  be  taken  out  of  the  integral.  Experi¬ 
mental  confirmation  of  these  dependencies  is  shown  in  Fig. 
2.  When  the  sample  surface  is  uniformly  illuminated,  the 
normal  component  in  Eq.  (3)  reduces  to  the  one-dimensional 
result,  which  depends  only  on  the  spatial  frequency  v  =  0, 
and  the  transverse  component  vanishes.  Because  <f>,  is  an  odd 
function  of  the  transverse  offset  (coordinate)  y,  it  is  useful  in 
studying  sample  inhomogeneities. 

For  the  common  experimental  case  where  the  distance 
from  the  sample  to  the  detector  is  large  compared  with  the 
excitation-beam  radius,  the  photothermal  signal  is  propor¬ 
tional  to  the  probe-beam  deflection,  and 

Sn{yj)  =  *M/R^  f,(v)fv(v) 


X  exp(  —  bf  z)  cas{lvy/R  )  dv , 

S,[yj)  =  /R  2  f  7»  v 
Jo 


(4) 


X  exp(  -  bf  z)  sin(2vy/R  )  dv , 


where  7V  1  and  other  multiplicative  constants  such  as  in¬ 
strumental  gain  have  been  included  in  the  factor  M.  The 
corresponding  equation  for  PA  detection  can  be  written  in 
terms  of  the  spatial  frequency  as'5 

=  Af  V- 1/2  P  7»  <5(v,0)  dv ,  (5' 

Jo 

where  8  ( v,0)  is  the  Dirac  delta  function,  and  M '  is  indepen¬ 
dent  of  frequency  but  does  depend  upon  the  thermal  proper¬ 
ties  of  the  gas. 
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FIG.  2.  Experimentally  determined  normal  and  transverse  optical  beam 
deflection  profiles  plotted  vs  probe-beam  transverse  offset.  The  sample  used 
was  a  thin  silicon  wafer. 


S„ ,  S, ,  and  each  measure  different  features  of  the 
surface-temperature  profile.  S ^  is  proportional  to  the  mod¬ 
ulated  sample-surface  temperature  integrated  over  the  com¬ 
plete  sample  surface,  while  S„  and  S,  monitor  the  modulated 
sample-surface  temperature  along  P,,  the  projection  of  the 
probe-beam  path  on  the  sample  surface.  When  the  probe 
beam  just  skims  the  sample  surface  (z~0),  S„  is  proportional 
to  the  mean  temperature  along  P,,  and  5,  is  proportional  to 
the  mean  value  of  dT /dy  along  P,.15 

Photoacoustic  detection  is  not  localized.  S„  and  S,, 
however,  depend  upon  the  probe-beam  position  through  the 
transverse  offset  y.  Thus,  in  principle,  spatial  derivatives 
land  integrals!  of  S„  and  S,  (such  as  dS,/dy ,  dS„/dz,  and 
;  5,  dy i  can  be  measured  experimentally.  Note  that  each  of 
these  quantities  is  sensitive  to  specific  features  of  the  surface- 
temperature  profile.  For  example,  (dS,  /dy)yJ  _  0  is  propor¬ 
tional  to  the  mean  value  of  cPT^xyVdy2  along  P,  while 
idS ,  /dz\yt  _  o  is  proportional  to  the  mean  normal  derivative 
of  the  temperature  in  the  fluid  along  P,.  As  a  consequence, 
each  measurement  is  sensitive  to,  and  reveals,  a  different 
aspect  of  the  heat-flow  pattern  in  the  sample.  OBD  detec¬ 
tion,  for  example,  is  sensitive  to  transverse  flow  while  pho¬ 
toacoustic  detection  is  not. 

For  reference  Eqs.  6-1 1  summarize  some  spatial  func¬ 
tions  of  5,  and  S„  of  interest  in  terms  of  the  surface-tempera- 
ture  spatial-frequency  spectrum. 
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S„  =  M  'Oi- 1/2  JT  7»  (<5(v,0)]  dv ,  (6) 

SK(yYz  =  0)  =  4M/R  r  7>, 

Jo 

X  [bf  cos(2 vy/R  )]  dv ,  (7) 

(dS„/dz)„_0  =AM/R  r  7»  [bj]  dv,  (8) 

Jo 

Sjy  =  0j  =  0)  =  4M/R  f“  7»  [ bf]  dv ,  (9) 

Jo 

S,{yj  =  0)  =  M/R2  f”  7» 

Jo 

X  t V  sin(2vy/fl  )]  dv ,  (10) 

(dS,/dy)yJ. o  =  8 M/R  2  f  7»X  (2vV*  ]  dv .  (11) 

Jo 

Each  of  these  quantities  represents  a  different  weighted  aver¬ 
age  of  the  spatial  spectrum  Ts(v),  with  the  weighting  factor 
appearing  in  the  bracket  [  ],  and  each  has  a  different  depen¬ 
dence  on  the  optical/thermal  properties  of  the  sample.  These 
functions  provide  a  variety  of  experimental  measurements 
which  reveal  different  features  of  the  temperature  profile.  In 
this  paper  we  consider  two  types  of  photothermal  measure¬ 
ments:  gas/microphone  photothermal  detection  [Eq.  (6)], 
and  the  transverse  slope  of  S,  [Eq.  (11)].  (This  is  the  slope  of 
5,  at  the  cross-over  point,  y  =  0,  in  Fig.  2.)  Experimental 
arrangements  for  measurements  of  this  type  are  shown  in 
Fig.  3.  Figure  3(a)  illustrates  a  method  where  the  probe-beam 
transverse  offset  varies  harmonically  [i.e.,  y  —  Ay  cos (cogt )]. 
Ifz~0, 

S,  (Ayj  =  0)  =  8 M  /R  2  f  T,  ( v)  v  sin(2v  Ay  cos(<V ))  dv 
Jo 

and,  if  Ay  is  small,  sin  can  be  replaced  by  its  argument,  and 
S,(Ayj  =  0)  =  1 16 M /R  J|  j  J  r,(v)  v2  dvj  Ay  cos(gV  ) 

=  Ay\dS,/dy)yj  _  0  cos^ ) . 

After  demodulation  at  frequency  a>o,  S,  (Ayj  =  0) 
=  AyidS,/dy)yj  _0. 

Figure  3(b),  illustrates  a  second  method  using  two  probe 
beams  having  transverse  offsets  y—±  Ay/2.  If  Ay  is  small, 
the  difference  of  the  two  photothermal  signals  is  also  propor¬ 
tional  to  (dS,/dy)yJ_0. 

III.  LOCAL  HOMOGENEITY 

Consider  a  special  case  where  the  optical  and  thermal 
properties  of  the  sample  vary  slowly  (spatially)  so  that  they 
can  be  considered  to  be  spatially  constant  in  a  local  region 
although  they  may  vary  significantly  over  the  whole  sample. 
Under  these  conditions,  the  photothermal  signal  at  each 
point  on  the  sample  can  be  computed  using  local  optical/ 
thermal  parameters  and  Eq.  (4),  provided  three-dimensional 
heat  flow  is  properly  considered. 

For  this  case,  S  =  S{  0jc,C,o),R,In)-  However,  u,  R,  /„ 
are  experimental  parameters,  hence  S’  =  5  ( 0jc,C ).  The 
related  pair  of  functions  S  =  {2x/(oC),n,  the  thermal  diffu- 
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FIG.  3.  An  experimental  arrangement  for  measuring  the  transverse  slope  of 
the  OBD  transverse  deflection  component,  (a)  A  double  modulation  meth¬ 
od  where  the  probe  beam  is  harmonically  displaced  lin  the  direction  ml  with 
respect  to  the  excitation  beam.  (b|  A  double-probe-beam  method  where  the 
output  signal  is  the  difference  of  the  signals  obtained  from  each  probe  beam. 

sion  length,  and  Y  =  {cokC/2)'12,  the  thermal  admittance, 
can  be  used  in  place  of  #r  and  C.  In  this  case,  S  =  S  ( 0,8,  Y ). 
(Note  that  the  thermal  diffusion  length  8  alone  does  not 
properly  represent  the  thermal  response  of  the  sample.) 

In  principle  it  is  possible  to  invert  S  to  obtain  the  depen¬ 
dence  on  individual  parameters  since  spatial  variation  in  0, 
k,  C,  jointly  determine  the  sample’s  surface-temperature  pat¬ 
tern.  In  practice  inversion  is  difficult  except  for  those  cases 
where  the  sample  temperature  (or  a  feature  of  the  tempera¬ 
ture  profile)  is  related  to  a  single  thermal  or  optical  param¬ 
eter.  Consequently,  it  is  useful  to  determine  the  dependence 
of  the  photothermal  signal  on  each  of  the  optical/thermal 
parameters  to  determine  whether  conditions  exist  where  it 
might  be  possible  to  invert  5  to  obtain  this  variable. 

To  this  end.  we  introduce  two  functions,  oix,y)~ 
=  1  —  ( 0  /S)[dS  /d0),thedegreeofphotothermalsaturation 
and  TC  lx,y)  =  —  {k/S  )  [dS  /3k),  the  "thermal  character*' 
which  describe,  respectively,  the  sensitivity  of 5  to  variations 
in  the  optical  parameter  0  and  to  variations  in  the  thermal 


parameters  at  the  point  xy.  In  Secs.  V  and  VI  we  discuss  the 
relationship  of  TC  and  a  in  detail.  Here  we  note  that  a  =  1 
corresponds  to  a  photothermally  saturated  sample  and 
cr  =  0  an  unsaturated  sample,  while  TC  —  0  indicates  that  S 
depends  exclusively  on  C,  TC  =  1,  exclusively  on  k,  and 
TC  =  1/2,  exclusively  on  Y  (i.e.,  the  product  *C|.  Other  val¬ 
ues  of  TC  correspond  to  various  intermediate  cases,  a  and 
TC  both  depend  parametrically  on  the  modulation  frequen¬ 
cy  and  the  excitation-beam  radius. 

IV.  THE  DEPENDENCE  OF  THE  PHOTOTHERMAL 
SIGNAL  ON  THE  THERMAL  VARIABLES  IN 
SATURATED  AND  UNSATURATED  SAMPLES 

For  photoacoustic  detection  [Eq.  (6)], 

Sp  =  Sp.  =  |  I0M’R2/2Vco]  t  ( 0j(,C,v  =  0) ,  (12) 

and  for  optical  detection  using  the  experimental  arrange¬ 
ment  shown  in  Fig.  3  [Eq.  (11)], 

S0  =  (<?S,  /  dy)yz  =  o 

=  4 MI^R  t  ( V.Cv)  exp|  —  v2)  civ  .  (13) 

Jo 

The  excitation  spectrum  has  been  explicitly  included  in  these 
equations. 

From  Ref.  15,  the  photothermal  response  t  (v)  is 

f(v)  »*-'(*,  +  b2/p)~' 

(For  thermally  thick  samples;  s  =  sample.)  ( 14) 
and 

Hv)=/31/[tcb[bb  +(Kl/Kh)b1] 

(For  thermally  optically  thin  samples;  b  =  backing. )  (15) 

We  consider  only  the  thermally  thick  case.  The  thermally 
optically  thin  case  can  be  handled  using  a  similar  approach. 
For  an  unsaturated  sample  ( 0  small  so  0b ,  <b ;), 

|S0|  =  8 IoM0/RcoC 

X  f  v2  exp(  —  vV[  1  —  ljV82/R  2]  dv  ,  (16) 

Jo 

|Sp  |  —  IoM'Rz0  /(2C<u3/2);  (17) 

and  for  a  saturated  sample  (0—  oo  \0b,  >  b 2 ), 

|S0j  =  8 M  VI VI J?  \cokC)'12] 

X  f  v2  exp(  —  V)/[A  (  +  )  +  jA  (  —  )]  dv!  ,  (18) 
l  Jo  t 

where  A  (  ±  )  =  1(1  +  4  v45*/R  *)'n  ±  2V82/R  2],,J. 

|S,|  =M'I0R2/[2o(kC)'12]  =M'I0Rl/[2Y(2<o)':'-]  .(19) 

Sp  depends  (thermally)  on  C  when  the  sample  is  unsatu¬ 
rated  and  on  Y  [i.e.,  3/ (kC  )]  when  the  sample  is  saturated.  It 
does  not  depend  exclusively  on  k  under  any  condition.  When 
OBD  detection  is  used,  the  photothermal  signal  is  affected 
by  the  size  of  the  excitation  beam  (or  more  specifically  by  the 
ratio  8/R  )  as  well  as  by  the  degree  of  saturation.  When  8/ 
R<1,  V82/R  2<1  for  all  values  of  v  where  the  integrals  in 
Eqs.  (16)  and  (18)  are  not  effectively  terminated  by  the 
exponential.  Thus  for  an  unsaturated  sample.  S0j 
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=  8 MI0  p  /RaC  SS  v2  exp(  -  v2)  dv  <r  1  /C,  [  TC  =  0  ] , 
while  for  a  saturated  sample,  |50|  oc  \/V[kC)[TC  =  1/2]. 
These  results  are  identical  with  PA  detection.  On  the  other 
hand,  when  8/R  >1,  v2^2//?  2>1  for  most  spatial  frequencies, 
and,  for  an  unsaturated  sample, 

iS0|  =  j  AM  1Q PR  V] coCR  ] )  (A  2/<52) 

/*<3C 

X  exp(  —  t?)dv  oc  \/k  (20) 

Jo 

[TC  =  1].  A  similar  result  is  obtained  for  a  saturated  sample. 
Thus  when  8/R  is  large,  S0  depends  exclusively  in  k  regard¬ 
less  of  the  degree  of  optical  saturation. 

These  results  can  be  made  more  quantitative  by  divid¬ 
ing  the  range  of  the  integrals  in  Eqs.  (16)  and  (20)  into  two 
parts,  v  =  0 -*R  /S,  where  we  assume  vS/R  can  be  ignored 
with  1  and  v  =  R  /<5— »oo ,  where  we  assume  1  can  be  ignored 
compared  with  vS/R.  Using  this  approximation, 

S0|  =/0  [\2/jcoKC)'n/R  I  erf  (*/<$) 

+  8/at  exp(  —  R  2/<52)]  (21) 

for  a  saturated  sample,  and, 

■S0\  =  I0pR  [{ 2 ir'n/R  '-coC  |  erf(.R  /8) 

—  1 8 /R  V(2o)kC  )  j  exp(  —  R  2/<52) 

+ jnin/K  erfcffl  /<5]  (22) 

for  an  unsaturated  sample.  The  nature  of  the  error  function, 
complementary  error  function,  and  exponential  indicate 
that  the  terms  dependent  on  1/C  are  dominant  when  8/R  is 
small,  and  those  dependent  on  \/k  are  dominant  when  8/R 
is  large  in  agreement  with  the  somewhat  coarser  approxima¬ 
tion  above. 

To  summarize:  if  8/R  is  small  the  parametric  depen¬ 
dence  on  thermal  parameters  is  the  same  for  both  PA  and 
OBD  detection  and  ranges  from  an  exclusive  dependence  on 
C  (for  an  unsaturated  sample)  to  a  dependence  on  the  pro¬ 
duct  kC  (for  a  saturated  sample).  If  8/R  is  large,  PA  thermal 
dependence  is  unchanged,  but  the  OBD  signal  depends  ex¬ 
clusively  on  k  regardless  of  the  degree  of  saturation. 

The  results  obtained  thus  far  apply  only  to  fully  satu¬ 
rated  or  fully  unsaturated  samples.  In  Sec.  V  we  quantify  the 
term  partial  saturation,  and,  in  Sec.  VI,  determine  the  ther¬ 
mal  character  of  partially  saturated  samples. 

V.  PARTIAL  SATURATION 

Figure  4(a)  shows  the  usual  saturation  curve  for  photoa¬ 
coustic  detection  (5  vs  p ).  For  small  P,  the  sample  is  unsatu¬ 
rated  15  cc  p 1 ),  and  the  curve  has  a  slope  of  one.  For  large  P, 
the  sample  is  saturated  (S«/?°),  and  the  curve  has  a  slope  of 
zero.  Between  these  limits  the  slope  varies  between  0  and  1, 
and  the  sample  is  partially  saturated.  We  relate  the  degree  of 
partial  saturation  to  the  slope  of  the  saturation  curve  by  de¬ 
fining  a  =  1  —  [d  log!5  \/d  logl  p  l]4  =  1  —  P  /S  (<?5  /dp  i4 
li.e.,  one  minus  the  slope  of  the  saturation  curve  plotted  us¬ 
ing  a  log-log  scale).  Using  this  definition,  a  =  1  when  the 
sample  is  saturated,  and  a  =  0  when  the  sample  is  unsaturat¬ 
ed.  Fractional  values  of  <7  indicate  partial  saturation.  Al¬ 
though  derived  specifically  for  PA  detection,  this  definition 


log  ff  (a) 


log  J  (b) 


FIG.  4.  (a)  Photothermal  saturation  curve  for  PA  detection.  The  tangents  U 
and  5  show  the  slope  of  the  curve  under  unsaturated  and  saturated  condi¬ 
tions,  respectively.  The  tangent  P  shows  the  slope  at  an  arbitrary  point 
where  the  sample  is  partially  saturated,  fb)  The  slope  of  the  saturation  curve 
Pe  and  the  degree  of  saturation  a  plotted  vs  log  P 

can  be  extended  to  OBD,  and  other  photothermal  measure¬ 
ments,  as  a  general  definition  of  partial  saturation. 

The  local  dependence  of  5  on  P  in  the  vicinity  of  an 
arbitrary  point  P0  on  the  saturation  curve  can  be  determined 
by  expanding  log  5  in  a  Taylor  series.  If  Y  and  8  are  fixed 
parameters,  log  5  =  log  S  ( Y,8P0)  +  ( d  log  5  /d  log  P )( P0) 
X\og(P/p0)  +  ... .  When  P  is  restricted  to  values  close  to 
Po,  logf  P  /p0)  is  small  and  only  the  first  two  terms  in  the 
expansion  need  be  retained.  Since  d  log  5  /d  log  P  =  1  —  a, 
log  5  =  log  5 ( Y,8Ji0)  +  log(  P /p0)' " ” ,  so  S  —  S(  Y,SP0) 
XiP/Po)1  ~a  ■ 

Y,  8,  and  P0  vary  with  position  so  a  and  5  are  also 
functions  of  position.  The  value  of  the  photothermal  signal 
at  a  particular  point  on  the  sample  surface  is  obtained  by 
calculating  5  (using  the  local  values  of  Y,  8,  and  P  at  that 
point)  and  the  sensitivity  of  5  to  variations  in/?  is  then  given 
by  the  value  of  a  at  that  point. 

A  similar  approach  can  be  used  in  defining  thermal 
character.  If  the  explicit  value  of  bs  is  inserted  in  Eq.  (14), 
and  8  and  Y  are  used  as  the  thermal  variables,  5  can  be  writ¬ 
ten  in  the  form  S  =  5  ( P,S)/  F.  where5is  independent  of  Y  If 
log  5  is  plotted  versus  log  8 ,  and  we  restrict  <5  to  a  small  range 
near  80,  we  can  expand  log  5  in  a  Taylor  series  and  write 
5  =  5 ( p,80)  {8/8n)n ,  where  n  =  8/S \dS /d8}9  Y{Sn) 
=  8/S\dS/d8)BY\80 1.  Thus  S  =  B\  P.  F,<50)  8"/  Y,  wheretfis 
independent  of  <5.  We  define  n  =  1  —  2 TC.  When  TC  —  0. 
5 cc  1/C,  when  TC  =  1/2, 5=c  1/F.andwhen  TC  =  l,5<x  1/ 
*.  These  special  cases  are  listed  in  Table  I.  Other  values  of  TC 
form  intermediate  cases.  Since  k  is  a  more  convenient  vari¬ 
able  to  use  than  8.  we  note  that  S/S  \dS /d8)„  Y 
=  1  +  2 k/S  i8S  /dK\0  c  and  obtain  the  definition  given  in 
Sec.  III. 
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TABLE  I.  Thermal  and  frequency  characteristics  of  three  special  values  of  thermal  character. 


TC 

5  is 

proportional  to 

Frequency  depend 

encc 

TT 

Exclusive 

thermal  dependence  on 

0 

|TSr'  =<r-‘ 

r=i 

Thermal  conductivity 

t 

y-‘ 

f-'n 

f" 

Thermal  admittance 

i 

S/T=(/C)-' 

f"12 

Thermal  capacity 

As  the  sample  is  scanned,  the  photothermal  signal  5 
varies  with  the  values  of  0,  x  and  C  at  the  instantaneous 
point  of  illumination  and  parametrically  with  w  and  R. 
When  these  changes  are  small, 

AS  =  [(55 /5*j  \dx/dx)  +  (55 /30 )  {3(3 /3x) 

+  |  3S/3C){dC/dx))Ax 
+  {(3S/ 30)  [30 /d A.)}  A  A 

4-  (55  /day]  Aw  +  ( 3S/3R  )  AR  .  (23) 

Here  A  is  the  wavelength  of  the  exciting  light  and  x  is  an 
incremental  distance  along  the  scan.  In  terms  of  fractional 
changes, 

AS  /S  ~  [  P,  dx/xdx  +  Pg  30 /03x  +  Pc  dC/Cdx]  Ax 

+  [  Pp  30 /03A  ]AA  +  PaJ  Aw/w  +  PR  AR  /R, 

(24) 

where  Pe  =  e/S  [3S  /5ej. 

The  Pe  are  related  through  Eqs.  16-19  and  are  related 
to  a  and  TC  through  the  definitions:  a  =  1  —  Pg  and 
TC  —  —  PK .  These  relationships  are  shown  in  Table  II.  Sev¬ 
eral  are  of  interest.  Note  that  a  and  TC  are  proportional  to 
each  other  for  PA  detection  but  not  for  OBD  detection.  Also 
note  that  TC-l  measures  the  sensitivity  of  5  to  changes  in  C 
just  as  TC  measures  the  sensitivity  of  5  to  x.  Table  II  shows 
that  PK ,  Pc ,  and  TC  can  be  written  as  a  function  of  Pw  only. 
This  relationship  is  of  practical  importance  since  it  indicates 
that  the  thermal  character  at  any  point  on  the  sample  surface 
can  be  determined  by  experimentally  measuring  Pu  at  that 
point. 

VI.  THE  EFFECT  OF  0, 8,  AND  Ft  ON  THERMAL 
CHARACTER  AND  PHOTOTHERMAL  SATURATION  OF 
PARTIALLY  SATURATED  SAMPLES 

By  numerically  integrating  Eq.  113)  with  respect  to  v 
and  differentiating  with  respect  to  x  and  0,  TC  and  a  can  be 
determined  for  all  degrees  of  photothermal  saturation.  Fi¬ 
gures  5  and  6  show  contours  of  equal  thermal  character  and 


equal  photothermal  saturation  mapped  over  the  0R,  S/R 
plane.  Each  axis  is  the  ratio  of  two  lengths,  8/R  (abscissal 
and  R  /fj.  (ordinate),  where  fx  =  0  ~ 1  is  the  optical-absorp¬ 
tion  length.  When  8  <R  <fx  \R  ///  and  8/R  small),  heat  is 
generated  in  a  circular  cylinder  (of  length  jx  and  radius  R  I 
that  is  longer  than  it  is  wide,  and  both  dimensions  are  longer 
than  a  thermal-diffusion  length.  Under  these  circumstances, 
transverse  heat  flow  (measured  by  the  ratio  8/R  )  and  normal 
heat  flow  (measured  by  the  ratio  8  /fx  ~  08)  are  both  small 
and  only  heat  generated  close  to  the  sample  surface  affects 
the  surface  temperature.  In  this  case,  heat  flow  is  unimpor¬ 
tant,  and  5  depends  exclusively  on  thermal  capacity  for  both 
PA  and  OBD  detection.  This  corresponds  to  the  region 
where  TC  =  0  in  Fig.  5. 

When  8  < /u  <R  \8/R  <  1  and  R  //x  >  1 ),  heat  is  generat¬ 
ed  in  a  short  cylinder  where  the  diffusion  length,  though  still 
small,  is  comparable  to  fx.  Under  these  circumstances,  the 
sample  is  partially  saturated,  and  5  depends  on  both  x  and  C. 

Increased  transverse  heat  flow  (8/R  >  1 )  has  no  effect 
on  the  photoacoustic  signal  (Figs.  5  and  6),  but  the  OBD 
signal  is  changed  markedly.  When  R  <fx  <8(R  /fx  <  1  and  8/ 
R  >  1),  competition  exists  between  transverse  and  normal 
heat  flow.  For  a  sufficiently  large  ratio,  8/R ,  5  depends  ex¬ 
clusively  on  x.  In  this  case,  the  saturation  criterion  becomes 
0R>  1  rather  than  08  >  1.  The  crossover  occurs  when 
transverse  heat  flow  and  normal  heat  flow  are  equally  impor¬ 
tant,  i.e.,  when  R  /^x  =  R  /8  or  08  =  1 . 

Figures  7-9  show  these  effects  through  standard  optical 
saturation  curves.  In  each  figure,  the  solid  curve  is  plotted 
with  5  =  <5min.  In  curve  a  both  x  and  C  vary  randomly  within 
the  range  x/xmm  —  C /Cmin  =  3.  In  curve  b.  x  is  constant 
and  C  varies  randomly  while  in  curve  c.  C  is  constant  and  x 
varies  randomly.  The  scatter  in  5  produced  by  random  varia¬ 
tions  in  x  and  C  is  shown  by  the  dot-scatter  pattern.  iCurves  b 
and  c  have  been  displaced  slightly  for  clarity,  l 

As  expected,  when  8/R  is  small  5  depends  on  C  when 
the  sample  is  unsaturated,  and  on  both  x  and  C  when  the 
sample  is  saturated  (Figs.  7,  8).  When  8  /R  >  1.  PA  depen¬ 
dence  remains  the  same,  but  OBD  thermal  dependence 


TABLE  II  The  relationship  between  P, .  P.,,  PL ,  P  ,,  PR.‘  a.  and  TC. 


OBD 

PA 

P. 

-  1  ~P  =  -  TC  =  —  a  -  P  R 

-  -3/2  -P,.i=  -  TC  =  -<7/2 

P, 

:rc  -  p„  =  i  -  ,r 

-  2  -  2P„  =  1  -  2TC=  1  -  it 

P. 

p  -TC-\~a~pk 

1/2  -v  P ,  =  TC  -  i  =  ct  -  2i/2 

TC 

i  -  p  =  rc=  a  ~  Pi 

3  2  -  P,  =  7T  =  < 7/2 

d 

p ,  -:p  =  :rc  -  Pi  =  a 

\ 

1  / 

II 

r-t 

II 

'  Where  P  ,  =  I  -  P, 
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FIG.  5.  Topographical  map  of  thermal  character  for  a  thermally  thick  sam¬ 
ple.  Constant- TC  contour  lines  separate  areas  where  the  photothermal  sig¬ 
nal  is  essentially  controlled  by  a  single  thermal  variable. 

ranges  from  a  dependence  on  C  (for  an  unsaturated  sample), 
a  dependence  on  k  and  C  (for  a  partially  saturated  sample), 
and  a  dependence  exclusively  on  k  (for  a  saturated  sample) 
(Fig.  9). 

VII.  THERMALLY  INDUCED  PHOTOTHERMAL 
SATURATION 

In  a  thermally  homogeneous  sample,  when  to  is  fixed,  6 
is  constant,  and  photothermal  saturation  depends  upon  the 
value  of  P  alone.  In  a  heterogeneous  sample,  where  8  varies 
with  position,  saturation  can  result  from  either  an  increase  in 
8  or  a  decrease  in  p.  This  is  illustrated  in  Fig.  6(a)  for  photoa¬ 
coustic  detection,  where  saturation  can  occur  along  either  a 
vertical  line  (8  constant,  (3  varying)  or  a  horizontal  line  ( /? 
constant,  8  varying).  (We  term  this  latter  type  of  saturation 
thermally  induced  optical  saturation .)  For  PA  detection,  the 
photothermal  signal  can  saturate  optically,  regardless  of  the 
value  of  8,  and  saturate  thermally,  regardless  of  the  value  of 
0- 


5/R 


6/R 

FIG.  6.  Topographical  map  of  a,  the  degree  of  photothermal  saturation,  for 
a  thermally  thick  sample.  Constant-rr  lines  separate  saturated  from  unsatu¬ 
rated  regions. 
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FIG.  7.  Saturation  curve  for  PA  detection.  iCurves  b  and  c  are  offset  for 


For  OBD  detection,  two  distinct  regimes  exist  [Fig. 
6lbi].  When  8/R  <1,  OBD  detection  has  the  same  saturation 
characteristics  as  PA  detection,  but  when  8/R  >  1 ,  all  satura¬ 
tion  contour  lines  become  horizontal  (Fig.  6),  indicating  that 
saturation  is  independent  of  the  diffusion  length  8,  and  the 
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clarity.  I  0  is  plotted  in  units  of  6  and  S  values  are  relative,  k  and  C  are 
constant  for  the  solid  curve  while  the  scattered  points  are  obtained  by  letting 
k  and  C  vary  randomly  within  the  bounds:  =  3. 1 .  3  Ifor  curves  a. 

h.andc,  res  <ctively|;  =  3,  3,  1  Ifor  curves  a.  b ,  andc,  respective¬ 

ly).  Curves  b  and  c  show  the  independent  effects  of  <r  and  C.  respectively. 
(Figures  7-12  are  plotted  using  log-log  scales.) 
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FIG.  8.  Saturation  curve  | corresponding  to  Fig.  7)  for  OBD  detection  when 
6/R  =  0.01 .  0  is  plotted  in  units  of  ^  “ 1 


criterion  for  saturation  becomes  pR  >  1 . 

To  explain  this  situation,  we  again  use  the  simplified 
picture  where  heat  is  generated  in  the  sample  within  a  circu¬ 
lar  cylinder  of  radius,  R  and  length  /z,  and  flows  from  this 
cylinder  either  normal  or  parallel  to  the  sample  surface. 
When  6>R,  heat  spreads  radially  well  beyond  the  cylinder 
walls.  Only  heat  generated  within  a  depth  /z reaches  the 
sample  surface  before  it  flows  (transversely!  out  of  the  vol¬ 
ume  in  which  it  was  generated.  When  (M>  R,  the  amount  of 
heat  reaching  the  surface  near  the  excitation-beam  axis  (the 
region  monitored  by  OBD  detection)  is  unaffected  by  small 
changes  in  /i,  and  thus  the  photothermal  signal  is  saturated. 

When  n  <  R,  the  amount  of  heat  flowing  to  the  sample 
surface  in  the  vicinity  of  the  excition  beam  is  determined  by 
the  ratio  of  transverse  to  normal  heat  flow,  i.e.,  by  the  ratio 
Id  /fi  V{6/R  |  =  R  //i  =  RR.  Saturation  is  independent  of  8  as 
long  as  S/R  remains  sufficiently  large. 


TfR^C/irfR^Cn 


6min/R  -  100 


FIG  <»  Saturation  curve  (corresponding  lo  Fig  7i  for  OBD  detection  when 
A/R  =  100  8  is  plotted  in  units  of  R  1 


SR  =  1CT3 


irf  R^C/trf  R3C0 

FIG  10.  Topographical  map  of  the  photothermal  signal  over  the  kC  plane 
under  saturated  conditions  1 0-~-  x  i.  iThermally  thick  sample;  localized  ex¬ 
citation.)  S  values  arc  relative.  The  point  clusters  illustrate  the  thermal  de¬ 
pendence  of  selected  M  Imetalsl,  G  Iglassl.  and  P  Ipolymers)  (see  textl.  Posi¬ 
tion  of  clusters  is  for  /=  100  Hz  and  R  =  100  /u. 


VIH.  THE  DEPENDENCE  OF  THE  PHOTOTHERMAL 
SIGNAL  ON  INDIVIDUAL  THERMAL  VARIABLES 

In  Secs.  VI  and  VII  and  Figs.  5-9.  the  dependence  of  S' 
on  k  and  C  was  discussed  in  terms  of  the  thermal  ratio.  k/C 
(i.e..  5  ).  To  display  the  effect  of  k  and  C  separately,  we  view 
cross  sections  of  SpuC  space  where  0  is  constant.  These  re¬ 
sults  are  applicable  to  photothermal  imaging  of  optically  sat¬ 
urated  samples  or  any  sample  where  0  is  spatially  relatively 
uniform. 

Figure  10  is  a  contour  map  of  the  cross  section  of  S0kC 
space  where  /?—  x  To  make  the  figure  universal.  u>R  C /2 
has  been  used  as  the  abscissa  rather  than  C.  If  cj  and  R  are 
constant,  eoR  ;/2  is  merely  a  scaling  factor.  The  scale  factors 
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*•„  and  C0  (where k0  =  10 ~bcoR  :Cq/ 2)  permit  a  wide  range  of 
thermal  parameters  to  be  plotted.  Using  these  axes  makes 
the  value  of  5  relative,  so  absolute  comparisons  cannot  be 
made.  In  Fig.  10,  the  thermal  parameters  of  5  metals,  2  poly¬ 
mers,  and  1  glass  are  plotted  for  a  particular  value  of  k0  for 
f  —  100  Hz  and  R  —  100  microns.  A  different  choice  of  x-0 
would  shift  each  point  and  change  the  absolute  value  of  5, 
but  would  not  affect  the  relative  positions  of  the  various  ma¬ 
terials  or  their  local  dependence  on  5. 

The  purpose  of  Fig.  10  is  to  show  the  relative  sensitivity 
of  each  material  to  changes  in  k  and  C  for  a  given  value  of  co 
and  R.  In  OBD  detection,  the  metals  are  seen  to  be  insensi¬ 
tive  to  small  variations  in  C  and  to  depend  only  on  k ,  while 
the  polymers  depend  on  variations  in  both  k  and  C.  For  PA 
detection,  all  materials  are  equally  sensitive  to  variations  in 
both  k  and  C.  Figure  11  presents  similar  information  for 


irfR2C/*fR2C0 


FIG  1 1  Topographical  map  of  the  photothermal  signal  corresponding  to 
F'g-  10  under  unsaturated  conditions  when  0  =  0.1  /R.  S  values  are  rela¬ 
tive  The  location  of  the  clusters  are  for  the  parameters.  /=  100  Hz  and 
R  =  10  jz. 


f3  =  0.\/R  for /=  lOOHzand/J  =  10  microns.  In  this  case, 
the  polymers  are  affected  only  by  C  while  the  metals  are  still 
affected  mainly  by  k  but  show  some  dependence  on  C  when 
OBD  detection  is  used.  In  PA  detection,  all  materials  depend 
only  on  variations  in  C. 

In  general,  in  a  heterogeneous  sample,  the  local  thermal 
parameters  vary  over  the  sample  surface  and  thus  are  repre¬ 
sented  by  different  points  on  the  kC  plane.  As  the  sample  is 
scanned,  a  corresponding  curve  is  traced  out  in  the  kC  plane 
(the  “thermal  trajectory”  of  the  scanj.  Figure  12  illustrates 
this  situation.  The  circled  point  in  this  figure  is  the  value  of  k, 
C  assumed  at  the  start  of  the  scan.  The  arbitrary,  dashed 
curve  starting  at  this  point  represents  a  possible  trajectory 
for  some  scan.  At  each  point  on  the  trajectory,  the  photo- 
thermal  signal  has  different  sensitivities  to  variations  in  the 
thermal  parameters.  The  four  vectors  shown  in  Fig  12  are 
thermal  trajectories  for  the  special  conditions  where  the 
thermal-diffusion  length,  thermal  admittance,  thermal  ca¬ 
pacity,  and  thermal  conductivity,  respectively,  are  constant 
over  the  scan.  The  sensitivity  ofS  to  changes  in  C,  Y,S,  and/r 
are  indicated  by  the  magnitude  of  the  parameter  change 
needed  along  each  trajectory  (from  starting  point  to  vector 
tip)  to  produce  a  fixed  change  in  the  photothermal  signal. 

IX.  SUMMARY  AND  CONCLUSIONS 

As  long  as  homogeneous  samples  are  used  in  photother¬ 
mal  spectroscopy  and  saturated  samples  in  photothermal 
imaging,  the  pertinent  analysis  is  reasonably  straightfor¬ 
ward.  However,  when  heterogeneous  and  unsaturated  sam¬ 
ples,  respectively,  are  used,  a  variety  of  additional  complica¬ 
tions  arise.  In  studying  such  samples,  optical  beam 
deflection  methods  are  especially  useful  since  they  are  highly 
Sensitive  to  transverse  heat  flow,  and  hence  are  helpful  in 
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FIG.  12.  A  topographical  map  of  the  photothermal  lOBDi  signal  over  the 
kC  plane  for  a  thermally  thick  heterogeneous  sample  when  8  =  100//?  S 
values  are  relative.  The  dashed  curve  shows  a  possible  thermal  trajectory 
Note  the  varying  sensitivities  to  k  and  C along  the  trajectory  iscani  The  four 
vectors  shown  are  thermal  trajectories  corresponding  to  special  scans  where 
the  thermal  capacity,  thermal  conductivity,  thermal  admittance,  and  ther¬ 
mal-diffusion  length,  respectively,  are  constant  over  the  scan. 
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FIG.  13.  The  thermal-character-surface  mapped  over  the  06  plane  for  a 
thermally  thick  sample.  |See  Fig.  5  )  Ix/y/z  axes:  log/log/linear,  i 


100 


2  50  H 


(b) 


10-3  103 


FIG.  14.  The  degree  of  photothermal-saturation  surface  mapped  over  the 
06  plane  for  a  thermally  thick  sample.  |See  Fig  6.1  ix/y/z  axes:  log/log/ 
linear! 


separating  optical  and  thermal  effects.  This  is  especially  true 
for  the  transverse  component  of  the  optical  beam  deflection. 
This  component  is  capable  of  distinguishing  homogeneous 
and  inhomogeneous  thermal  effects.  This  method  of  detec¬ 
tion  also  has  the  advantage  of  requiring  no  enclosed  cell 
(which  restricts  sample  size)  and  is  relatively  insensitive  to 
environmental  factors.  These  advantages  have  made  it  useful 
in  studying  optical  and  thermal  defects  in  metals  and  ceram¬ 
ics. 

This  paper  has  considered  the  dependence  of  two  types 
of  photothermal  signals  on  sample  optical  and  thermal  pa¬ 
rameters.  The  analysis  is  specifically  applicable  to  scanning 
studies  of  samples  with  spatially  varying  photothermal  pa¬ 
rameters  that  change  gradually  so  that  the  sample  can  be 
considered  homogeneous  on  the  scale  of  several  thermal- 
diffusion  lengths. 

It  is  found  that  the  parametric  dependence  of  the  pho- 
tothcrmal  signal  depends  upon  the  detection  method  used. 
For  a  specific  variant  of  the  Optical  Beam  Deflection  meth¬ 
od  of  spectroscopy/imaging  which  is  sensitive  to  local  ther¬ 
mal  transport,  it  is  shown  that  by  choice  of  the  parameters 
under  the  control  of  the  experimenter,  the  signal  may  be 
caused  to  depend  on  the  thermal  conductivity  k  or  the  heat 


capacity  C  separately.  This  feature  has  potential  application 
in  studies  which  seek  to  invert  the  photothermal  signal  data 
to  obtain  the  local  values  of  k  and  C.  Such  information  could 
be  important  in  use  of  photothermal  imaging  to  study  defects 
in  solids.  The  more  familiar  photoacoustic  detection  method 
does  not  exhibit  this  type  of  parametric  dependence  and  is 
potentially  less  convenient  in  imaging  applications. 

It  is  also  found  that  the  concept  of  photothermal  satura¬ 
tion  must  be  broadened  when  localized  detection  methods 
are  used.  For  OBD  detection,  a  new  saturation  regime  exists 
which  is  defined  by  the  product  0R  1 0  =  optical  absorption 
coefficient,  R  =  excitation-beam  radius),  not  the  product  08 
(8  =  thermal-diffusion  length)  familiar  from  earlier  formula¬ 
tions  of  photoacoustic  saturation. 

Based  on  these  concepts,  the  concept  of  a  thermal  tra¬ 
jectory  is  introduced  which  is  applicable  to  scanning  imag¬ 
ing  applications.  As  part  of  this  development,  it  is  shown 
that  the  photothermal  expressions  based  on  k  and  C  may  be 
recast  in  terms  of  thermal  admittance  Y  and  thermal  diffu¬ 
sion  length  8.  From  this  development,  it  is  clear  that  prior 
photothermal  treatments  based  on  a  consideration  of  8  only 
are  special  cases  of  a  more  general  analysis. 


590 


J.  Aopl.  Ptiys ,  Vol.  54,  No.  2.  February  1983 


L.  C  Aamodt  and  J.  C  Murpby 


590 


ACKNOWLEDGMENT 

This  work  has  been  supported  by  the  U.  S.  Naval  Sea 
Systems  Command  under  Contract  No.  N00024-8 1  -C-530 1 . 

APPENDIX 

Some  of  the  data  represented  in  the  text  by  topographi¬ 
cal  maps  are  more  easily  (but  less  quantiatively)  visualized 
via  three-dimensional  cross  sections  of  S(3kC  space.  Two  of 
these  cross  sections  are  shown  in  Figs.  13  and  14.  Each  is 
referenced  to  the  figure  in  the  text  to  which  it  corresponds. 
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Thermal  wave  imaging  is  a  new  technique  for  flDE  which  has  been  used  to  study  a 
.-*He  range  of  materials  systems,  from  insulators  to  metals,  and  has  proven  to  he  a 
dWuahle  tool  for  the  nondestructive  evaluation  of  both  flaws  and  microstructure, 
mere  are  a  wide  variety  of  techniques  grouped  under  the  term  "thermal  wave  imaging 
ftifh  with  inherent  advantages  and  disadvantages.  Figure  1  summarizes  the  basic 
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the  local  temperature  distribul;  ion  of  Mm  sample  url  if  is  con-',,,,  jioit  to  think  of 
this  temperature  distribution  in  M>ms  of  Mm  pi  op  via  li  on  o  I  "Mom  no  l  v/ayes".  TIipso 
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exponential  decay  rate  an'  dopi'ndoit  on  a  parai'ioiio  Miov/n  as  t  lm  tin  i  re  I  diffusion 
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*  -  u  f-V" 

r1 111 

where  k  is  the  thermal  conductivity,  is  t  >m  Im.if  ■  apacit  y,  n  is  Mm  density  and  m 
is  the  modulation  frequency  of  M>n  pomp  hpam,  Ihe  pt  opauat  irm  of  Mm  thofmal  waves 
is  therefore  sensitive  to  local  variations  in  the  thermal  properties  of  the  material 
via  the  thermal  diffusion  length  and  an  image  of  the  variation  in  thermal  properties 
can  he  produced.  The  resolution  of  this  image  depends  on  a  number  'if  parameters 
including  geometrical  considerations  such  .k  the  pomp  he, km  diameter.  As  a  rule  of 
thumb,  however,  one  can  consider  t  lm  thermal  diffusion  length  in  the  material  to  fie  a 
good  estimate  of  the  resolution  obtainable  in  a  Mmrmal  wave  inane. 
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Information  about  the  propagation  of  the  Mmimal  waves  can  tp  collected  in  a 
variety  of  ways  as  shown  in  fig.  1.  flm  spatial  temperature,  di strihut ion  in  the 
material  can  he  measured  hy  eiflmr  optical  fman  d<  f  |  n>,  f  j  on  ^  ^  or  rad  i  ririef  r  y  \  f  ri 
optical  beam  deflection  techn igun;  ting  p  are  two  possible  «ieomof  i  ics  for  Mm  prolm 
beam  as  shown  in  the  figure.  fu  I  he  skimming  orientation  tfie  prolm  foam  is  directed 
parallel  to  the  sample  Surface  and  is  sensitive  to  temperature  gradients  in  the  gas 
layer  above  the  sample,  a  phenomenon  termed  the  niiaue  effect.  In  the  reflective 

orientation,  the  probe  beam  is  reflected  at  the  sample  surface  and  the  deflections  of 

the  bean  are  a  combination  of  the  enrage  effort  and  thermoel asf ic  displacements  of 
the  sample  surface.  rtt  ternaf:  i"e  I  ,  flm  ni.asi  m  naves  uormrafed  at  the  floating  beam 
modulation  frequency  by  local  lhnim.il  expansion  <  m  fm  monitored  tiding  a  pi 

electric  detector^.  In  Fiq.  1  such  a  del  nr  tor  is  slmwn  mounted  on  fh"  bottom  surface 

of  the  sample.  It  is  also  possible  to  monitor  f ho  elastic  waves  nsinu  laser 
interferometric  detection  schemes. 


The  nature  of  the  thermal  wave  image-,  pi  odu-  o,i  depends  to  a  laiip>  extent  on  the 
type  of  detection  process  used,  ''hen  tfie  temperature  distribution  in  the  material  is 
the  measured  parameter  (e.g.  optical  beam  deflection,  ra>i  i  ormt.  ry )  ,  f;lm  contrast 
mechanisms  depend  solely  on  thermal  properties  of  the  material.  A  combination  of 
thermal,  thermoelastic  and  elastic  properties  do'ermirm  the  contras':  mechanisms  v.i'°n 
the  elastic  waves  are  detected.  Tim  geometry  of  the  detection  pio»,ess  is  also  impor¬ 
tant.  Radiometry  and  p  i  0700  I  e,  t.  <■  ic  ilni  iv  i  ion  *  i  i  v  '■  a  signal  ..-hie1'  has  hp»n  integrated 
over  a  large  area.  Optical  beam  deflection  and  laser  int  *w  f ornmef r i r  schemes  allow 
localization  of  the  detection  process,  contrast  mechanisms  in  thermal  wave  imaging 
also  depend  on  the  naturp  of  the  pyertatjon  process.  Specific  characteristics  of  the 
specimen-beam  interactions  for-  photons,  p|nrM'>ns  and  ions  must  be  considered  includ¬ 
ing  parameters  such  as  the  ueoi  -mi  i  •/  <w  r  il(.  ener  uv  >ir>prm  i  r  ion  and  momentum  effects. 
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As  described  above  there  are  a  number  of  mi  thuds  for  both  generating  and  detect¬ 
ing  thermal  waves  and  this  leads  to  a  wide  y.-rr  ies  of  possible  eypep inenta 1  config¬ 
urations.  The  e/per  imen  f  a  1  setup  usi-i  lm  s'""-  of  t.lm  i"iages  presented  in  this  paper 
using  electron  fa  earn  ey  <  i  t  ,i  t  i  mi  .  >  o  - 1  |  i  <  -u<  ■  I  <•<  •  ?  i  •  > 1  <  ■ 1  e<  t  j  op  i  -  -  be.  m  in  fig.  ? , 

scanning  e  1  ec  t  rori  microscope  s  mod  i  ?  i  .»l  to  1 1  I  • .. .  *•  |  .mi-  i  ng  o'  'be  e  |  er  t  r  on  *•<>  am  atM 
the  samples  are  mounted  on  fop  of  a  pie-neler  n  i.  .iMm  for.  Ihe  outpuf  of  the 
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Fig.  ?.  Experimental  Setup  for  Scanning  Electron  Acoustic  Microscopy 

detector  is  amplified  and  a  lock-in  amplifier  is  used  to  determine  the  amplitude  and 
phase  of  the  acoustic  signal  relative  to  the  reference  signal  used  to  blank  the 
electron  beam.  Either  the  amplitude  or  phase  signal  from  the  lock-in  amplifier  can 
be  used  in  conjunction  with  the  signal  from  the  scan  generators  of  the  SEM  to  produce 
images  on  the  SEM  CRT.  The  experimental  setups  for  other  generation  and  detection 
schemes  are  in  principal  very  similar.  In  each  instance  the  heating  beam  is  modu¬ 
lated  and  scanned  across  the  sample  surface.  The  amplitude  and  phase  of  the  signal 
from  the  detector  (e.g.  position  sensitive  detector  in  optical  beam  deflection 
studies,  laser  interferometer,  etc.)  is  then  recorded  as  a  function  of  position  of 
the  heating  beam  on  the  sample.  A  thermal  wave  image  can  then  be  constructed. 

APPLICATIONS  OF  TIIERMAl  HAVE  IMAGING 


Location  of  Cracks  and  Buried  Defers 

f'.oi/  m  , .  ■  1 1  '  n- ■  [ -.  1 1 .  i  v  i  •  u\> -d  ih'-rmil  w.e/r  imaging  In  delect  cracks  in  opaque 
materials  'e.g.  !  L  |  )  ,  pr  >mi.m  t  umi  1. 1  /  in  expi:r  inn-iil  \  imp  toying  laser  beam  heating. 
Cracks  and  voids  produce  an  abrupt  change  in  the  local  thermal  properties  and  are 
good  candidates  for  investigation  b/  thermal  wave  techniques.  To  illustrate  the 
defection  of  a  buried  defect.  Fig.  's  shows  line  scans  of  a  buried  double  defect  for  a 
series  of  modulation  frequencies  using  ion  beam  excitation  and  piezoelectric  detec- 
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Fig.  3  Ion-Acoustic  Scan  of  a  Ruried  Double  Defect 

tion.  An  important  feature  of  this  result  is  that  the  defect  is  detected  even  at 
high  modulation  frequencies  where  the  thermal  diffusion  length  is  much  less  than  the 
depth  of  the  defect.  There  is  also  a  change  in  the  signature  of  the  signal  when  the 
thermal  diffusion  length  becomes  less  than  the  defect  depth.  This  suggests  the 
presence  of  non-thermal  contrast  mechanisms  for  excitation  with  modulated  particle 
beams  such  as  ions  and  electrons. 

Characteri zation  of  Grain  Roundaries 

Thermal  wave  imaging  is  proving  to  be  a  useful  technique  for  the  examination  of 
microstructure.  Details  of  grain  size  and  martensitic  structure  are  readily  obtained 
without  special  surface  preparation  (e.g.  (fi)).  Fig.  4  shows  both  secondary  electron 
and  thermal  wave  images  of  a  polycrystalline  sample  of  high  purity  aluminum  produced j 
with  a  scanning  electron  acoustic  microscope  as  described  above.  While  no  grain 
structure  is  evident  in  the  secondary  electron  image,  contrast  at  grain  boundaries 
and  between  grain  interiors  is  clearly  seen  in  the  thermal  wave  image.  In  an  attempt 
to  better  understand  contrast  mechanisms  at  grain  boundaries  another  sample  of  high 
purity  aluminum  was  polished  and  etched  to  produce  a  narrow  channel  (about  1.5 
microns  wide)  along  the  grain  boundary.  This  allowed  the  precise  location  of  the 
boundary  to  be  determined  in  the  secondary  electron  image  (see  Fig.  5).  The  magni¬ 
tude  and  phase  of  the  signal  from  piezoelectric  detector  were  then  superimposed  on 
the  secondary  electron  image  for  3  positions  along  the  boundary.  The  variation  in 
the  signal  for  different  locations  along  the  boundary  suggests  variation  in  the 
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Secondary  Electron  Image  of  Aluminum  Grain  Boundary 
with  Acoustic  Magnitude  and  Phase  Line  Scans 
Superimposed.  (43.0  kHz,  20  keV) 


oundary  thermal  properties,  perhaps  indicating  changes  in  impurity  or  vacancy 
concentrations.  Examination  of  the  grain  boundary  as  a  function  of  modulation 
frequency  revealed  that  the  apparent  width  of  a  grain  boundary  in  a  SEAM  image  is 
irectly  proportional  to  the  thermal  diffusion  length. 

Inspection  of  Integrated  Circuits 

Thermal  wave  imaging  has  been  used  to  detect  defects  such  as  delaminations  and 
subsurface  cracks  in  semiconductor  devices.  High  resolution  images  of  integrated 
circuits  can  hp  achieved  using  SEAM.  In  fact  the  resolution  is  much  greater  than  the 


themal  diffusion  length,  suggesting  the  presence  of  more  than  a  simple  thermal 
contrast  mechanism.  Examples  are  shown  in  Fig.  fi  where  both  secondary  electron  and 
thermal  wave  images  are  presented  for  two  different  primary  beam  energies.  The 
effect  of  change  in  specimen-beam  interaction  volume  is  clearly  seen  in  the  secondary 
electron  images  where  the  low  energy  beam  does  not  reveal  any  structure  beneath  a 
surface  layer  of  carbon  while  the  higher  energy  beam  detects  the  subsurface  structure 
easily.  A  companion  dependence  of  the  thermal  wave  image  on  primary  beam  energy  is 
observed.  At  5  keV  the  thermal  wave  image  closely  resembles  the  secondary  electron 
image.  At  30  keV,  however,  a  subsurface  structure  is  clearly  revealed  which  is  only 
faintly  evident  in  the  secondary  electron  image  at  30  keV. 
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Secondary  Flectron  and  Electron  Acoustic  Images  of 
Integrated  Circuit  at  Primary  Ream  Energies  of  5 
keV  and  30  keV. 


Composite  Materials 


Preliminary  work  suggests  that  thermal  wave  imaging  will  prove  to  be  a  useful 
technique  for  the  nondestructive  evaluation  of  composite  materials.  Failure  pro¬ 
cesses  such  as  fiber  fracture,  fiber-matrix  debonding  and  matrix  crazing  are  all 
candidates  for  examination.  Figure  7  shows  a  thermal  wave  scan  of  a  fiberglass  epoxy 
composite  material  produced  hy  laser  excitation  and  detection  by  optical  beam 
deflection  with  the  probe  laser  in  the  reflective  orientation.  The  presence  of 
individual  fibers  and  their  orientations  are  clearly  defined,  leading  to  the 
possibility  of  monitoring  damage  to  these  fibers. 
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Photothermal  Scan  of  Fiberglass-Epoxy  Composite 
Using  Reflective  Optical  Ream  Deflection. 


SUMMARY 

Thermal  wave  imaging  is  an  emerging  tool  for  nondestructive  evaluation  which  has 
possihle  applications  to  many  materials  systems.  Local  variations  in  thermal 
properties  due  to  a  wide  range  of  structures  such  as  cracks,  defects,  delaminations, 
microstructure,  dopant  concentrations,  etc.  can  be  accurately  mapped.  The  large 
number  of  excitation  and  detection  techniques  which  are  available  allow  implemen¬ 
tation  of  thermal  wave  imaging  in  a  wide  variety  of  physical  situations,  including 
those  requiring  noncontact  inspection.  There  are  still  questions,  however,  as  to  the 
precise  physical  nature  of  some  of  the  contrast  mechanisms  involved,  particularly  for 
detection  of  elastic  waves  and  excitation  with  particle  beams.  Also,  nonlinear 
thermal  and  thermoelastic  specimen  responses  have  been  observed  suggesting  a  whole 
new  collection  of  possible  contrast  mechanisms  in  thermal  wave  imaging. 
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By  now  a  number  of  derivative  imaging  techniques  broadly  related  to  the 
photoacoustic  process  have  been  described.  These  techniques  commonly  use  a 
localized  excitation  source  which  is  scanned  over  the  specimen  surface  and  a 
detection  process  which  measures  some  thermal,  elastic  or  electronic  property 
of  the  specimen  which  has  been  modulated  by  the  excitation.  Examples  include 
Optical  Ream  deflection  imaging  *',  Scanned  Photoacoustic  imaging  ,  and  a 
variety  of  scanned  laser  and  electron  beam  acoustic  imaging  techniques^*®*® 
which  use  attached  piezoelectric  transducers  to  monitor  stress  generated  with¬ 
in  the  specimen.  No  effort  has  been  made  to  make  this  a  complete  summary  of 
available  generation  or  detection  methods. 

Modulated  beams  of  Ar  ions  are  used  to  excite  the  specimen.  The  elastic 
response  of  the  specimen  is  detected  using  an  attached  PZT  transducer  in  a 
manner  similar  to  that  initially  developed  for  electron-acoustic  imaging  in 
the  SEM.  In  the  present  case  a  SIMS  (Secondary  Ion  Mass  Spectrometry)  instru¬ 
ment  was  modified  for  ion-acoustic  imaging  studies.  In  keeping  with  the 
generally  accepted  theory  of  sputtering'  which  is  based  on  momentum  transfer 
from  ions  to  solid,  it  was  expected  that  the  specimen  elastic  response  would 
include  a  strong  momentum  component.  This  signal  generation  process  has  not 
been  identified  in  prior  imaging  studies  using  laser  or  electron  sources. 
Moreover,  it  was  expected  that  the  results  would  be  related  to  work  involving 
laser  ultrasound  generation  involving  sample  ablation. 

Figure  1  shows  line  scans  of  PZT  voltage  as  the  ion  beam  is  scanned  over 
the  sample  surface.  The  specimen,  an  aluminum  disc  1.4  cm  in  diameter  and 
3  mm  thick  containing  a  1  mm  slant  hole,  is  shown  schematically  in  the 
figure.  The  slant  hole  permits  the  hole  signature  to  be  studied  for  various 
depths  below  the  surface.  Other  specimen  geometries  varying  specimen  diam¬ 
eter,  thickness  and  hole  depth,  diameter  and  length  have  also  been  used.  The 
main  features  of  the  result  reported  here  are  found  also  in  all  other  speci¬ 
mens  studied.  In  Figure  3  the  modulation  frequency  for  the  ion  beam  is  4.2 
kHz.  There  is  a  broad  envelope  response  on  which  is  superimposed  a  response 
characteristic  of  the  defect  location.  Measurements  on  specimens  of  similar 
geometry  with  no  subsurface  hole  show  a  virtually  identical  envelope  response. 

The  main  features  of  the  defect  signature  in  Figure  1  are  the  large 
increase  in  signal  above  the  shallow  defect,  the  change  in  signal  profile  for 
deeper  defects  and  the  decrease  in  overall  defect  signal  magnitude  with 
increasing  frequency.  Other  features  to  be  discussed  later  include  broadening 
of  the  defect  profile  with  depth  and  the  dependence  of  the  profile  on  the 
diameter  of  the  buried  hole.  Studies  of  profile  shape  as  a  function  of  defect 
depth  and  modulation  frequency  indicate  that  the  thermal  diffusion  length 
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constitutes  the  criterion  for  the  change  in  profile  from  shallow  to  deep 
defect  type.  Figure  2  displays  profiles  at  the  trace  2  position  of  Figure  1 
for  several  modulation  frequencies  and  indicates  the  reciprocity  of  depth  and 
modulation  frequency.  The  increased  signal  observed  when  d  <  delta  is 
ascribed  to  inhibited  thermal  flow  above  the  defect  and  a  resulting  increase 
in  thermoelastic  signal  generation.  The  invariance  of  the  signal  profiles  for 
d  >  delta  indicates  that  a  non-thermal  contrast  mechanism  also  is  present.  To 
our  knowledge  similar  effects  are  not  seen  in  laser  or  electron  imaging. 
Resolution  measurements  on  two  subsurface  channels  meeting  at  a  shallow  angle 
have  also  been  made.  These  experiments  give  results  consistent  with  the 
single  hole  profiles  and  including  the  existence  of  two  signal  regimes. 

Issues  related  to  the  ultimate  of  ion  imaging  will  be  discussed. 

Measurements  of  the  PZT  signal  dependence  on  beam  current  and  voltage 
have  been  made  seeking  to  elucidate  the  signal  generation  mechanisms  and  the 
image  contrast  mechanisms.  Figures  3,  4  show  the  dependence  on  beam 
parameters.  The  linear  response  with  beam  current  at  constant  voltage  is 
consistent  with  either  a  thermoelastic  or  momentum  transfer  mechanism  for 
signal  generation.  However,  the  linear  dependence  on  beam  voltage  appears  to 
be  inconsistent  with  a  momentum  transfer  process,  a  result  somewhat  unexpected 
in  light  of  general  sputtering  theory  for  ion-solid  interactions.  This  issue 
is  being  actively  pursued  both  experimentally  and  theoretically. 

In  summary,  low  resolution  ion-acoustic  images  of  buried  defects  in 
aluminum  have  been  observed.  Expected  thermal  interactions  with  the  defect 
have  been  seen  and  provide  image  contrast.  In  addition  defect  imaging  by  non- 
thermal  interactions  has  also  been  seen  at  depths  more  than  ten  times  the 
thermal  diffusion  length.  The  generation  and  contrast  processes  operative  in 
ion-acoustic  imaging  will  be  discussed  with  special  emphasis  on  the  relative 
importance  of  momentum  exchange  and  thermoelastic  processes. 

*  Work  supported  in  part  by  U.  S.  Naval  Sea  Systems  Command  contract  No. 
N00024-85-C-5301 . 

1.  D.  Fournier  and  A.  C.  Boccara  in  "Scanned  Image  Microscopy,"  E.  A.  Ash  ed. 
(1980). 

2.  J.  C.  Murphy  and  L.  C.  Aamodt,  Appl .  Phys.  Lett.  _38_,  196  (1981). 

3.  Y.  L.  Wong,  R.  L.  Thomas,  G.  F.  Hawkins,  Appl.  Phys.  Lett._32_,  538  (1978). 

4.  G.  Busse,  A.  Rosencwaig,  Appl.  Phys.  Lett.  _36_,  816  (1980). 

5.  G.  S.  Cargill,  Physics  Today,  October  1981. 

6.  A.  Rosencwaig,  Science,  223  (1982). 

7.  P.  Sigmund  in  "Sputtering  by  Particle  Bombardment  I,"  R.  Behrisch,  ed. 
(1981),  Springer. 

8.  R.  J.  Dewhurst,  D.  A.  Hutchins,  S.  B.  Palmer,  C.  B.  Scruby,  J.  Appl.  Phys. 
53,  4064  (1982). 


APPENDIX 


PHOTOTHERMAL  IMAGING  OF  DEFECTS  IN  METALS  AND  CERAMICS 


F.  G.  Satkiewicz,  J.  C.  Murphy,  L.  C.  Aamodt,  and  J.  W.  Maclachlan, 
"Ion-Acoustic  Imaging  of  Subsurface  Flaws  in  Aluminum,"  Williamsburg, 
VA,  June  23-28,  1985,  Review  of  Progress  in  Quantitative  NDE,  Plenum 
Press,  1986. 


ION-ACOUSTIC  IMAGING  OF  SURFACE  FLAWS  IN  ALUMINUM 


FRANK  G.  SATKIEWICZ,  JOHN  C.  MURPHY,  LEONARD  C.  AAMODT , 

AND  JANE  W.  MACLACHLAN 

Applied  Physics  Laboratory,  The  Johns  Hopkins  University 
and  The  center  for  Non-Destructive  Evaluation,  The  Johns 
Hopkins  University 

Abs  trac  t 

Modulated  beams  of  Ar  ions  have  been  used  as  sources  for 
thermoelastic  imaging  studies  of  aluminum.  The  ion-specimen 
interaction  process  is  discussed  in  the  ...cext  of  elastic  wave 
generation  and  in  light  of  the  theory  of  sputtering.  Imaging 
of  buried  subsurface  features  is  demonstrated  with  detection  of 
very  deep  flaws  observed.  Thermal  and  elastic  contrast  mechan¬ 
isms  are  demonstrated.  The  implication  of  these  findings  for 
Scanning  Electron  Acoustic  Microscopy  (SEAM)  is  disucssed. 


INTRODUCTION 

Imaging  methods  based  on  specimen  excitation  by  scanned  laser 
and  electron  beams  are  now  well  established  as  nondestructive 
methods  of  characterizing  materials  properties  and  locating 
surface  and  near  subsurface  flaws  in  solids.  Several  classes 
of  methods  have  been  identified  each  di s tingu ished  by  the 
method  of  generation  or  the  means  of  detection.  Examples 
include  Optical  Beam  Deflection  (OBD)  imaging  ’  Scanned  Photo- 
accoust'c  imaging^  and  a  variety  of  scanned  laser  and  electron 
beam  acoustic  imaging  techn  ique  s^*  ’  ^  ^  which  use  attached 
piezoelectric  transducers  to  monitor  stress  generated  within 
the  specimen.  Because  many  of  these  methods  monitor  changes  in 
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specimen  temperature  or  a  parameter  related  to  specimen  tem¬ 
perature,  these  imaging  methods  have  been  broadly  termed 
thermal  wave  imaging  (TW1).  Non  thermal  image  contrast 
mechanisms  may  exist  in  cases  where  specific  beam-specimen 
interactions  are  present.  The  term  TWI  is  therefore  a  conven¬ 
ient  but  inaccurate  way  of  categorizing  scanned  image  methods 
using  modulated  beams. 

In  this  paper  we  describe  the  use  of  modulated  ion  beams^ 
as  excitation  sources  for  TWI.  Indeed  one  of  the  effects  of 
ion  beam-specimen  interaction  is  local  generation  of  heat  much 
in  the  manner  of  laser  or  electron  beams.  The  images  observed 
in  this  regime  with  ion  excitation  are  similar  to  those  obtain¬ 
ed  with  either  electron  or  laser  sources.  These  studies  of  ion 
beam  images  using  thermoelastic  (TE)  detection  with  a  PZT 
transducer  have  shown  that  the  observed  image  contrast  has 
distinct  thermal  and  elastic  components.  These  results  have 
been  confirmed  using  laser  and  electron  beam  sources.  This 
resolves  a  controversy  which  had  existed  over  the  question  of 
the  origin  of  contrast  in  SEAM  imaging. 

Ion  beams  offer  the  prospect  of  nonthermal  contrast 
processes  related  to  beam-specimen  interactions  specific  to 
individual  ion  sources.  In  this  work  we  investigate  the  pos¬ 
sible  contribution  of  one  such  mechanism,  particle  momentum 
transfer,  from  heavy  rare  gas  ion  beams  at  energies  in  the  1  to 
10  kV  range.  Note  that  reactive  particle  beams  (e.g.  O2)  can 
also  be  used.  In  such  cases  non- the rma 1  image  contrast  char¬ 
acteristic  of  the  reaction  of  the  ions  and  local  constituents 
of  the  specimen  may  be  observed.  As  a  third  example  for  light 
ion  beams  such  as  H+,  the  capture  cross  section  as  a  function 
of  incident  energy  has  a  large  peak  at  a  specific  depth  (the 
range).  This  feature,  which  does  not  exist  for  heavier  ions, 
opens  the  prospect  of  depth  profiling. 
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BACKGROUND 

Figure  1  illustrates  the  wide  variety  of  excitation  and  detec¬ 
tion  techniques  applicable  to  TW1.  The  details  of  the  images 
produced  depend  on  the  distinct  group  of  physical  parameters 
exploited  by  each  detection  technique,  from  purely  thermal 
parameters  in  optical  beam  deflection  measurements  or  IR 
radiometric  measurements  to  a  combination  of  thermal,  thermo¬ 
elastic  and  elastic  parameters  with  optical  interferometric  or 
piezoelectric  detection.  Similarly,  differences  in  thermal 
wave  images  might  be  expected  for  different  excitation  sources 
based  on  specific  beam-specimen  interactions.  We  compare  use 
of  ions,  electrons  and  photons  later  in  this  paper. 
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FIGURE  1  Summary  of  thermal  wave  imaging  detection  methods. 
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Figure  2  depicts  the  experimental  configuration  used  for 
ion  imaging.  The  primary  beam  optics  of  a  Secondary  Ion  Mass 
Spectrometer  (SIMS)  was  modified  to  allow  blanking  of  the  pri¬ 
mary  beam  using  electrostatic  deflection  plates.  The  sample 
was  mounted  on  a  piezoelectric  detector  and  the  magnitude  and 
phase  of  the  detector  voltage  were  measured  with  the  lockin 
amplifier  or  a  spectrum  analyzer.  In  the  present  configuration 
line  scans  are  generated  by  moving  the  sample  in  front  of  the 
ion  beam.  The  net  specimen  current  was  measured  simultaneously 
and  used  as  a  monitor  of  the  beam  energy  deposited  in  the 
specimen  at  fixed  primary  beam  voltage.  In  these  experiments 
the  primary  beam  vc‘ tage  ranged  from  l  to  10  kV,  the  beam 
currents  from  0.3  to  14  uA  and  the  modulation  frequencies  from 
15  Hz  to  20  kHz.  The  ion  beam  diameter  was  about  300  gm. 

Companion  electron-acoustic  images  (SEAM)  were  made  for 
some  of  the  specimens  used  for  ion  imaging  using  an  ETEC  Auto- 
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scan  scanning  electron  microscope  which  had  been  modified  to 
allow  beam  blanking.  Laser  acoustic  and  optical  beam  deflec¬ 
tion  images  were  also  made  of  these  same  specimens  using  an 
argon  laser  as  the  excitation  source.  Here  beam  modulation  was 
accomplished  using  an  acousto-optic  modulator.  All  specimens 
used  for  comparative  studies  of  different  excitation  beams  used 
the  same  mounting  of  specimen  and  acoustic  detector  with  no 
breakage  of  the  specimen-detector  bond.  The  beam  diameters  for 
the  electron  and  laser  experiments  were  about  0.1  pm  and  5  urn 
respective ly. 

ION-ACOUSTIC  GENERATION  PROCESSES 

The  acoustic  signal  generated  in  a  solid  by  a  modulated  beam  of 
Ar+  ions  depends  in  general  on  the  specific  energy  and  momentum 
of  each  ion,  on  the  ion  flux  and  on  the  composition  of  the 
solid.  In  this  paper  the  samples  were  an  aluminum  alloy, 
probably  in  the  2024  series.  Specimen  specific  changes  in 
acoustic  signal  generation  have  been  observed  for  a  number  of 
other  elemental  samples  but  will  not  be  discussed  here. 

Figure  3  shows  the  dependence  of  the  magnitude  of  the 
acoustic  signal  on  specimen  current  for  fixed  primary  beam 
voltage  at  a  modulation  frequency  of  2  kHz.  The  dependence  is 
approximately  linear  with  a  mean  slope  of  0.96.  Measurements 
taken  at  other  frequencies  in  the  range  15  Hz  to  20  kHz  also 
show  the  same  mean  --  linear  dependence  on  beam  current. 

Figure  4  shows  the  corresponding  dependence  on  primary 
beam  voltage  for  constant  beam  current.  In  this  case  the 
observed  slopes  fall  in  a  range  around  0.85  as  shown  in  the 
figure.  Measurements  at  other  frequencies  yield  slopes  also 
clustered  in  the  range  around  0.85.  The  origin  of  this  non¬ 
linear  dependence  of  acoustic  signal  on  the  primary  beam  vol¬ 
tage  has  not  been  fully  established.  Complex  ion-specimen 
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FIGURE  3  Signal  magnitude  dependence  on  primary  beam  current  at 
various  primary  voltages:  2  kHz;  Ar+  on  A£. 
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FIGURE  4  Signal  magnitude  dependence  on  primary  beam  voltage  at 
various  primary  currents:  2  kHz;  Ar+  on  A£. 
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interactions  and  sputtering  processes  are  known  to  occur  under 
our  experimental  conditions  however.  The  data  does  suggest 
that  a  nonthermal  mechanism  contributes  to  the  acoustic  signal 
generation  process.  If :  the  observations  are  viewed  from  an 
energy  perspective,  they  suggest  a  weakly  non-linear  dependence 
on  the  specific  energy  of  each  incident  ion  with  the  non¬ 
linearity  decreasing  with  increasing  ion  energy.  While  this 
suggestion  is  possible,  it  seems  unlikely  since. most  processes 
become  increasingly  non-linear  as  the  level  of  excitation  in¬ 
creases.  An  alternative  explanation  recognizes  that  the  Ar 
ions  possess  momentum  as  well  as  energy  (Par/Pe  ~  4x10^  for 
beams  of  equal  energy  where  Par  is  the  momentum  of  an  argon  ion 
and  the  momentum  of  an  electron.)  If  acoustic  generation, 
via  momentum  transfer  coexists  with  thermoelastic  acoustic 
generation,  then  the  slope  of  the  dependence  of  acoustic  signal 
on  primary  beam  voltage  should  be  less  than  1  as  observed.  In 
the  limiting  case  where  only  momentum  transfer  is  present,  the 
Slope  should  be  0.5. 

The  data  shows  that  the  thermoelastic  mechanism  is  the 
major  source  of  signal  (i.e.,  the  slopes  are  closer  to  1.0  than 
to  0.5).  This  result  is  confirmed  by  imaging  studies  described 
in  the  next  section.  It  is  however  inconsistent  with  the  gen- 

O 

erally  accepted  theories  of  sputtering  where  momentum  transfer 
is  approximately  an  order  of  magnitude  more  efficient  than 
local  thermal  heating  in  producing  sputtering.  Further  work  is 
in  progress  in  an  effort  to  elucidate  these  dependences. 

IMAGING  USING  ION  BEAMS 

These  studies  were  conducted  using  aluminum  disk  samples  1.4  cm 
in  diameter  and  3  mm  thick  containing  1  mm  holes  drilled  sub¬ 
surface  at  various  depths  and  locations.  Figure  5  shows  the 
sample/detector  mount  used  in  this  work.  The  sample  is  mounted 
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FIGURE  5  Schematic  of  sample  and  detection  assembly  showing 

simulated  defect  and  method  for  simultaneous  measurement 
of  beam  current. 

on  a  P2T  detector  with  provision  for  measurement  of  specimen 
current. 

Figure  6  shows  a  series  of  line  scans  taken  at  varied 
frequencies  on  a  specimen  with  two  intersecting  1  mm  holes 
buried  at  a  depth  D  ■  0.5  mm  below  the  surface.  Cross 
sectional  views  of  the  sample  are  shown  in  the  inset  to  the 
figure.  At  low  frequencies,  where  the  ratio  6/D  >  1  with  6  the 
one  dimensional  thermal  diffusion  length,  the  acoustic  signal 
increases  above  each  hole.  When  6/D  <  1,  the  signal  decreases 
above  each  hole.  The  contribution  of  each  hole  is  resolved  in 
the  figure  despite  that  for  15  Hz  6  »  1.45  mm  approximately 
equal  to  the  lateral  spacing  of  the  Kuried  holes.  This  re¬ 
flects  the  fact  that  the  resolution  is  determined  by  the  ion 
beam  diameter  no t  6  in  this  case. 

Figure  7  is  a  set  of  scans  taken  at  fixed  modulation  fre¬ 
quency  on  a  slant  hole  specimen  with  a  1  mm  hole  drilled  at  an 
angle  to  the  specimen  surface.  At  fixed  modulation  frequency 
the  epicentral  depth  of  the  hole  below  the  beam  may  be  varied 
by  changing  the  location  of  the  scan.  When  the  depth  D  is 
small,  the  signal  increases  above  the  hole.  For  larger  D  a 
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FIGURE  6  Acoustic  signals  observed  for  specimen  with  two  intersecting 
1  mm  holes  at  D  =  0.5  mm  depth.  At  low  frequency 
(D/5  <  1)  the  signal  increases  above  the  hole.  At  high 
frequency  (D/5  >  1)  the  signal  decreases. 

signal  decrease  above  the  hole  center  is  seen.  Alternatively, 
the  modulation  frequency  may  be  varied  at  fixed  scan  position. 
Figure  8  shows  the  variation  with  frequency  observed  for  the 
slant  hole  specimen  for  the  D  =  0.30  mm  scan  of  Figure  7.  Com¬ 
parison  of  the  line  scans  in  Figs.  7,  8  shows  an  approximate 
dependence  for  the  transition  between  the  two  signal 
regimes.  This  result  is  consistent  with  diffusive  thermal  wave 
interaction  with  the  buried  hole  in  the  5/D  >  1  regime  on  the 
scale  of  the  thermal  diffusion  length  6  *  [  2ci  /to  ]  i  where  a  is 
the  thermal  dlffusivity  and  u>  the  angular  frequency.  Con¬ 
versely,  the  regime  5/D  <  1  cannot  involve  a  direct  contri¬ 
bution  of  thermal  wave-defect  interaction  to  the  contrast 
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FIGURE  7  Slant  hole  specimen  scans  showing  profiles  at  constant  f  and 
varying  depth.  Note  that  the  spatial  response  of  the  detector 
has  not  been  removed. 


Figure  9  shows  an  SEAM  image  and  SEAM  and  laser  acoustic 
line  scans  of  the  same  slant  hole  specimen  taken  at  78  kHz. 

The  higher  modulation  frequency  and  the  beam  steering  elec¬ 
tronics  built  into  the  SEAM  permit  high  quality  images  to  be 
obtained  readily.  Both  the  image  and  the  line  scans  show  two 
contrast  regions.  Note  that  the  hole  is  close  to  the  sample 
surface  near  the  top  of  the  figure  and  farther  from  it  near  the 
bottom.  In  the  image  and  in  the  line  scans  the  hole  is  stiLl 
visible  for  D/5  >  22.  This  clearly  shows  that  the  contrast 
cannot  be  thermal.  Some  of  the  substructure  seen  in  both  laser 
and  electron  line  scans  is  due  to  surface  damage  by  the  ion 


FG  SATKIEWICZ,  JC  MURPHY,  LC  AAMODT,  UW  MACHLACHLAN 

beam.  In  the  nonthermal  regime,  the  laser  and  electron  line 
scan  profiles  closely  resemble  those  obtained  using  the  ions. 

In  addition  the  image  shows  a  relatively  small  angular  spread 
of  the  signal  with  depth.  This  small  spread  applies  equally  to 
the  overall  defect  signal  and  the  dip  over  the  hole  center 
within  the  limits  set  by  the  experiment.  Thermal  stress  gen¬ 
erated  near  surface  by  the  modulated  beams  coupled  elastically 
to  the  defect  is  suggested  to  be  the  origin  of  the  contrast  in 
this  regime.  This  finding  has  direct  impact  on  SEAM  imaging. 
SEAM  images  of  specimen  microstructure  must  consider  both 
direct  thermal  and  elastic  contrast  processes. 

In  order  to  further  examine  the  issue  of  thermal  contrast, 
comparative  laser  acoustic  and  OBD  experiments  were  performed. 
Figure  10  compares  the  thermal  regime  in  the  laser  acoustic 
scans  with  OBD  scans.  The  laser  acoustic  scans  show  the  hole 
at  roughly  twice  the  depth  as  do  the  OBD  scans.  This  result  is 
consistent  with  OBD  detection  being  a  surface  temperature 
measurement  requiring  two  way  thermal  transport  to  sense  a 
buried  defect.  Laser  acoustic  detection  requires  only  one  way 
thermal  transport  coupled  with  acoustic  generation  near  the 
defect  to  sense  the  defect's  presence.  While  not  shown  in 
Figure  9,  the  laser  acoustic  scans  show  the  elastic  contrast 
regime  at  greater  depths. 

CONCLUSIONS 

This  work  introduces  the  use  of  ion  beams  as  sources  for 
"thermal  wave"  imaging.  The  range  of  beam-specimen  inter¬ 
actions  available  using  ions  makes  them  potentially  significant 
for  many  analytical  applications.  In  this  work  we  show  that 
some  evidence  for  non-thermal  interaction  mechanisms  exist  even 
for  the  case  of  rare  gas  ions  where  no  surface  reaction  is 
expected.  Momentum  transfer  is  considered  as  a  possible  non- 
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thermal  source.  It  is  noted  that  momentum  transfer  generation 
should  be  a  source  of  elastic  waves  since  momentum  transfer 
plays  the  dominant  role  in  sputtering  using  rare  gas  ions  in 
this  energy  range.  However,  the  momentum  contribution  to 
elastic  wave  generation  inferred  from  these  ion  acoustic 
experiments  seems  far  too  small  to  be  consistent  with  the 
theory  of  sputtering. 

Ion  beams  have  also  been  used  to  image  buried  subsurface 
defects  in  aluminum.  Two  mechanisms  are  identified  which 
contribute  to  the  contrast  observed.  One  of  these  is  shown  to 
have  a  thermal  origin,  the  other  to  have  an  elastic  origin. 
Both  contrast  mechanisms  exist  in  SEAM  and  laser  acoustic 
imaging  as  well.  These  results  demonstrate  that  the  micro- 
structural  contrast  observed  in  SEAM  cannot  have  a  purely 
thermal  origin.  It  is  now  clear  that  both  thermal  and  elastic 
contrast  can  exist  and  must  be  considered. 
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Illumination  of  a  specimen  by  temporally  or  positionally 
nodulated  laser  and  particle  beams  is  known  to  Induce  a  mmber 
of  specimen  responses  including  generation  of  elastic  waves.  In 
this  paper  we  consider  elastic  wave  generation  by  laser,  elec¬ 
tron,  and  argon  ion  heams.  These  waves  are  used  to  image  the 
surface  and  near  subsurface  features  of  several  classes  of 
material.  Thermal  and  elastic  wave  contrast  mechanisms  are 
shown  to  contribute  to  the  image  formation  process. 


INTROnucTION 

Imaging  methods  based  on  specimen  excitation  by  scanned  laser**^.4  and  elec- 
trons*  »'  beams  are  hy  now  well  established  as  nondestructive  methods  of  character¬ 
izing  materials  properties  and  locating  surface  and  near  subsurface  flaws  in  opaque 
solids.  Several  classes  of  methods  have  been  identified  each  distinguished  by  the 
method  of  detection  or  the  means  of  generation.  Recause  many  of  these  classes  in¬ 
volve  local  heating  of  the  specimen  at  some  stage  in  the  image  formation  process, 
these  methods  have  hecome  broadly  (and  loosely)  titled  thermal  wave  imaging.  In  this 
paper  we  discuss  imaging  methods  based  on  generation  of  elastic  waves  and  the  related 
contrast  mechanisms  and  beam-specimen  Interactions.  It  should  he  noted  that  there  is 
an  important  related  hody  of  work  under  the  heading  of  laser  generated  ill  trasound^*'* 
wherein  the  time  and  spatial  response  characteristics  of  ultrasound  generated  by 
short  pulse  lasers  is  investigated.  This  is  distinguished  from  the  work  described 
here  where  only  cw  excitation  is  used. 

RACKGboiimo 

figure  1  depicts  some  of  the  detection  methods  used  for  thermal  wave  imaging.  The 
modulated  laser  or  particle  beam  illuminates  a  specimen  and  induces  a  time-dependent 
change  in  the  near  surface  temperature.  Local  thermoelastic  distortion  of  the  sur¬ 
face  occurs  as  well  as  generation  of  propagating  elastic  waves  in  the  specimen. 

These  waves  may  he  detected  by  a  transducer  attached  to  one  of  the  sample  surfaces  or 
by  optical  interferometric  techniques.  The  characteristics  of  the  waves  depend  on 
hnundary  conditions  present  at  the  specimen  surface.  "  Thermal  diffusion  in  the 
specimen  and  in  the  medium  above  the  specimen  also  occurs  and  leads  to  time  dependent 
temperature  fields.  These  fields  influence  the  elastic  wave  generation  process  in 
the  specimen  and  also  lead  to  the  formation  of  a  thermal  lens  above  the  specimen  as 
shown  in  the  figure.  A  thermal  imaging  method  termed  optical  beam  deflection  (0R0) 
imaging  exploits  the  properties  of  this  lens.  Finally,  time  dependent,  enhanced 
IR  radiation  from  the  heated  sample  also  occurs  and  may  be  used  for  imaging. ^  In 
this  paper  we  shall  emphasize  images  obtained  using  the  attached  transducer  method 
but  shall  Include  a  comparison  with  the  ORO  method  to  illustrate  the  significant  dif¬ 
ferences  in  the  image  formation  process  which  exist  for  the  two  methods. 
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Thermoelastic  (TE)  generation  of  elastic  waves  in  an  isotropic  solid  is  determined  by 
two  coupled  sets  of  equations  together  with  appropriate  boundary  conditions. 


vt  at  M 


v2t  -  I  =  .  H(t)  (?) 

where  u  Is  the  particle  displacement,  T  the  temperature  vt  the  longitudinal  sound 
velocity,  a  the  thermal  diffusivity,  K  the  hulk  modulus,  p  the  shear  modulus  and  $ 
the  thermal  expansion  coefficient. 

The  term  on  the  right  hand  side  of  Equation  1  can  ordinarily  he  neglected  with  the 
result  that  these  equations  may  he  treated  hy  first  solving  the  uncoupled  thermal 
diffusion  equation  (Eq.  1)  and  then  using  the  temperature  field  so  determined  as  the 
source  of  elastic  waves  in  the  mediim  (Eq.  ?).  Roth  thermal  and  elastic  boundary 
conditions  must  be  applied  at  the  Illuminated  surface  of  the  sample.  The  specimen 
dimensions  are  assumed  to  be  large.  Note  that,  for  DRn  and  IR  imaging,  changes  in 
the  surface  temperature,  T$(x,y)  of  one  of  the  faces  of  the  specimen  constitute  the 
basis  of  the  thermal  Images.  Changes  In  Tj(x,y)  caused  hy  subsurface  features 
require  these  features  to  he  within  approximately  one  thermal  diffusion  length  of  the 
surface.  Conversely  for  transducer  detection  the  temperature  field,  T(x,y,z)  inside 
the  sample  generates  elastic  waves  via  Eq.  ?.  Changes  in  T(x,y,z)  near  the  subsur¬ 
face  feature  can  contribute  to  the  elastic  wave  amplitude  and  phase  with  the  result 
that  features  deeper  than  two  thermal  diffusion  lengths  can  be  detected.  This 
Increased  sampling  depth  for  thermal  Interaction  with  subsurface  thermal  features  of 
the  sample  will  he  Illustrated  later. 

Non-thermoel astic  wave  generation  mechanisms  including  wave  generation  by  momentun 
transfer  may  exist  for  excitation  with  particle  beams  such  as  electrons  or  ions.  Ion 
beams  should  exhibit  larger  momentum  contribtions  than  electron  beams  since  for  Ar+ 
the  momentum  ratio  P,  /P  »  270.  Momentum  transfer  from  ion-beam-specimen  interac¬ 
tion  has  been  identified  Ss  the  primary  mechanism  of  sputtering.”  The  relative 
Importance  of  momentum  and  thermal  contributions  to  sputtering  might  then  he  assessed 
by  measurement  of  the  relative  contribution  of  momentun  and  thermoelastic  processes 
to  elastic  wave  amplitude  as  a  function  of  beam  and  specific  ion  energies.  The  ther¬ 
mal  contribution  should  Increase  linearly  with  energy  while  the  momentum  contribution 
should  Increase  as  the  square  root  of  the  energy.  As  discussed  later  in  the  experi¬ 
mental  section,  only  a  linear  dependence  is  observed  contrary  to  the  sputtering 
theory  expectations. 

EXPERIMENTAL 

Comparative  SEM  and  SEAM  images  and  data  are  presented  in  Fig.  ?  for  polycrystalline 
aluminum  and  reveal  contrast  at  the  grain  boundaries  and  sometimes  within  grains. 
Similar  images  have  been  obtained  for  frequencies  between  5  kHz  and  1  MHz.  images  of 
this  type  have  also  been  presented  in  prior  SEAM  studies  (cf  reference  7).  However, 
there  has  been  some  controversy  regarding  the  origin  of  the  contrast  observed  for 
microstructural  features  in  the  specimens.  In  particular,  the  relative  importance  of 
thermal,  thermoelastic  and  elastic  contrast  mechanisms  appears  to  remain  an  open 
question.  In  this  work  we  examine  several  of  these  contrast  mechanisms  experimen¬ 
tally  and  show  that  both  thermal  and  elastic  contrast  mechanisms  contribute  to  be 
images  obtained.  The  relative  Importance  of  each  mechanism  may  depend  on  the  depth 
of  the  feature  below  the  surface  as  well  as  on  other  material  parameters.  Note, 
however,  that  some  of  the  contrast  in  these  imaqes  is  due  to  visual  processing  of 
image  data  by  a  human  observer  (Craik-O'Rrien  effect.  1 .  Hence,  reliable  image  data 
requires  complementary  use  of  numerical  or  line  scan  presentation  of  the  data. 

In  order  to  focus  initially  on  the  contrast  observed  at  the  grain  boundaries,  experi¬ 
ments  were  conducted  on  hicrystals  of  pure  aluminum  grown  with  vertical  grain  boun¬ 
daries  In  the  Materials  Science  Department  at  Johns  Hopkins  University.  Figure  3 
shows  an  SEM  image  of  a  section  of  one  of  these  hicrystals  on  which  is  superposed 
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several  5RAM  line  scans.  The  specimen  was  polished  and  then  slightly  etched  to  show 
the  location  of  the  grain  boundary  in  the  5RM  image.  The  positions  of  the  line  scans 
relative  to  the  image  are  indicated  by  the  markers.  The  width  of  the  boundary  seen 
by  SRAM  varies  with  modulation  frequency  as  «""•*  but  in  general  is  greater  than  the 
visual  boundary.  In  addition  the  SRAM  boundary  signal  varies  exponentially  with 
distance  from  the  visual  boundary  with  arqument  proportional  to  the  thermal  diffusion 
length  in  aluminum.  Roth  observations  are  consistent  with  a  thermal  diffusion 
contrast  model. 

Comparative  SFM/sRAM  studies  have  heen  made  on  a  fabricated  sample  of  aluminum  in 
which  a  1  mm  diameter  hole  has  heen  drilled  at  an  approximate  angle  of  8  degrees 
relative  to  the  specimen  surface.  The  primary  objective  for  use  of  the  fabricated 
specimens  is  to  elucidate  the  contrast  mechanisms  responsible  for  the  microstructural 
information  present  in  thermal  acoustic  images.  As  discussed  later,  this  sample  also 
was  used  for  ion-acoustic  imaqinq  studies  and  for  laser  optical  beam  deflection  imag- 
inq  in  order  to  further  investigate  image  contrast  and  acoustic  generation  mechan- 
i  sms . 


figures  Aa,  h  show  the  SRAM  image  and  spatially  coordinated  SRAM  line  scans. 

Mole  depth  increases  linearly  toward  the  bottom  of  the  imaqe.  Two  image  regions  are 
seen.  In  Region  I,  at  shallow  depths  (P  <  ?.5  A^) ,  the  acoustic  signal  increases 
above  the  hole  and  decreases  with  hole  depth,  n  at  a  rate  determined  by  the  modula¬ 
tion  frequency.  In  addition  the  boundary  between  Regions  I  and  II  also  shifts  to 
shallower  depths  with  increasing  frequency.  These  findings  suggest  that  in  Region  I 
the  modulated  temperature  field  in  the  specimen  interacts  with  the  hole.  Image 
Region  II  exists  when  the  hole  depth  is  substantially  greater  than  a  thermal  diffu¬ 
sion  length.  Rxperimental  data  has  heen  obtained  to  n/5t .  >  ?5.  In  this  region  the 
signal  decreases  above  the  hole  while  symmetrical  region?  around  the.  hole  center  show 
a  signal  increase.  This  pattern  is  relatively  frequency  independent  over  a  range  10(1 
Mz  <  f  <  50(1  kMz.  The  width  of  the  interaction  region  increases  with  depth.  This 
feature  suggests  that  the  electron  beam  generates  a  conical  radiation  pattern  in  the 
specimen  with  an  angular  width  of  approximately  50  degrees.  The  image  contrast 
observed  for  this  region  cannot  he  thermal.  Instead,  contrast  caused  by  elastic  wave 
interaction  with  the  hole  is  assir>ed,  with  the  resolution  determined  by  the  angular 
spread  in  the  radiation  pattern  rather  than  by  the  acoustic  wavelength.  The  waves 
are  assumed  to  be  thermally  generated.  Mote  that  the  dominance  of  thermal  contrast 
near  the  surface  does  not  imply  elastic  contrast  is  absent. 

Figure  Ac  illustrates  a  parallel  laser  acoustic  measurement  at  the  same  frequency  and 
with  the  same  sampl e-hond-transducer  configuration  used  in  Fig.  Aa,  b.  Comparison  of 
these  figures  demonstrates  the  close  agreement  with  the  SFAM  data.  This  shows  that 
in  these  experiments  the  image  contrast  mechanisms  are  not  dependent  on  the  specific 
excitation  source  and  supports  the  notion  that  temperature  is  the  primary  mechanism 
for  elastic  wave  generation. 

fl  comparison  of  (1RP  and  laser  acoustic  line  scans  were  made  on  the  same  slant  hole 
sample  under  identical  conditions.  The  results  appear  in  Figure  5  for  the  signal 
magnitudes.  This  data  Indicates  that  the  volume  sensed  thermally  by  the  acoustic 
method  is  at  least  twice  as  deep  as  that  probed  by  the  (inn  method.  This  result  might 
he  anticipated  hy  recalling  that  the  temperature  field  may  be  modified  locally  near  a 
defect  (the  laser  acoustic  case)  without  causing  a  perceptible  local  change  in  the 
surface  temperature  (the  ORP  case).  Note  that  the  laser  acoustic  data  shown  in 
Figure  5  was  not  corrected  for  spatial  changes  in  detector  responsivity . 

Image  scans  on  this  slant  hole  specimen  were  also  obtained  using  a  modulated  beam  of 
Ar+  ions  as  the  excitation  source.  Figure  5  shows  a  portion  of  these  results. 

Again,  two  image  contrast  regions  are  observed.  Pata  taken  at  varying  depths  and 
constant  frequency  as  well  as  varying  frequencies  and  constant  depth  show  that  the 
boundary  between  the  two  regions  varies  as  .  This  result  is  consistent  with  both 
a  thermal  diffusion  controlled  contrast  mechanism  in  Region  I  and  an  elastic  contrast 
mechanism  in  Region  II. 
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To  further  examine  the  ion-acoustic  generation  mechanisms  and  image  contrast  mechan¬ 
isms  involving  ion-beam-solid  interactions,  we  measured  the  elastic  wave  amplitude  as 
a  function  of  incident  ion  beam  energy.  Roth  energy  and  momentum  in  the  beam 
increase  at  a  linear  rate.  Figure  fi  shows  the  variation  of  the  acoustic  signal  as  a 
function  of  beam  voltage  at  constant  he am  current.  In  this  case  energy  increased 
linearly  but  momentum  increases  as  E1  .  The  figure  suggests  that  momentum  transfer 
is  not  a  primary  source  of  the  acoustic  signal  at  the  sensitivity  of  these 
experiments. 

SUMMARY  AW*  CONCLUSIONS 

Laser,  electron  and  ion  beams  show  some  similar  features  when  used  as  sound  genera¬ 
tion  sources  for  imaging  applications.  Thermal  contrast  mechanisms  are  seen  in  the 
near  surface  region  defined  by  the  thermal  diffusion  length.  However,  this  norma¬ 
lized  depth  is  at  least  a  factor  of  two  larqer  than  that  observed  in  front  surface 
temperature  thermal  Imaging  methods  such  as  ORO.  In  addition  elastic  wave  contrast 
processes  are  seen.  These  waves  are  thermoel astical ly  generated  but  their  interac¬ 
tion  with  the  subsurface  region  is  non-thermal.  The  radiation  pattern  produced  by 
the  modulated  beams  is  relatively  confined  and  observation  of  buried  features  at 
depths  very  larqe  compared  with  a  thermal  diffusion  length  is  possible.  These 
results  confirm  the  speculation  that  image  contrast  in  SFAM  and  related  techniques 
involve  both  thermal  and  elastic  contrast  processes.  Nonetheless,  the  thermal  con¬ 
trast  processes  are  important.  SFAM  grain  boundary  contrast  in  aluminum  bicrystals 
has  a  boundary  width  determined  by  the  thermal  diffusion  length  for  modulation  fre¬ 
quencies  up  to  500  kHz.  Finally,  ion-acoustic  imaging  has  been  applied  to  studying 
the  mechanisms  of  elastic  wave  generation  including  momentum  transfer.  No  momentum 
contribution  was  Identified  in  experiments  with  Ar*  ions  to  this  time.  The  result 
was  unexpected  in  light  of  the  role  momentum  transfer  plays  in  the  theory  of 
sputtering  of  heavy  rare  qas  ions.  This  issue  and  the  relationship  of  sputtering 
processes  and  acoustic  imaging  are  under  study  at  this  time. 
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Contrast  Mechanisms  in  Scanning  Electron  Acoustic  Imaging  of 

Grain  Boundaries* 

J.  W.  Maclachlan 

Dept,  of  Materials  Science  &  Engineering 
The  Johns  Hopkins  University 
Baltimore,  MD  21218 

R.  B.  Givens,  J.  C.  Murphy,  and  L.  C.  Aamodt 
Applied  Physics  Laboratory 
The  Johns  Hopkins  University 
Laurel ,  Mn  20707 

Scanning  Electron  Acoustic  Microscopy  (SEAM)  produces  dramatic  images  of 
the  microstructure  of  metals  and  other  materials  which  are  not  readily 
obtained  by  other  means.  Although  the  origins  of  the  contrast  in  these  images 
has  been  widely  discussed,  the  contrast  mechanisms  are  not  yet  fully  under¬ 
stood1*  *J.  Since  there  are  a  number  of  possible  contributions  to  contrast 
(local  variations  in  electron-specimen  interaction,  thermal  properties, 
thermoelastic  generation  and  elastic  wave  propagation),  the  relative  impor¬ 
tance  of  different  contrast  mechanisms  must  be  determined  if  SEAM  is  to  become 
a  quantitative  tool  for  the  investigation  of  microstructure.  The  present  work 
examines  contrast  at  grain  boundaries  in  high  purity  aluminum  using  both  SEAM 
images  and  individual  line  scans  of  the  magnitude  and  phase  signals  across  the 
boundary.  The  line  scans  allow  the  functional  dependence  of  the  signal  magni¬ 
tude  and  phase  to  be  measured  in  the  grain  boundary  region.  This  functional 
dependence  is  examined  for  a  series  of  frequencies  and  for  different  positions 
along  the  grain  boundary. 

An  ETEC  Autoscan  scanning  electron  microscope  was  modified  to  allow 
blanking  of  the  electron  beam  over  a  frequency  range  of  1  kHz  to  500  kHz.  The 
sample  was  mounted  on  a  localized  piezoelectric  detector  (NBS  Conical  Trans¬ 
ducer)  and  the  output  of  the  detector  was  amplified  and  sent  to  a  lock-in 
amplifier  for  analysis  of  the  magnitude  and  phase  components  of  the  signal. 

The  magnitude  and  phase  signals  were  then  used  to  construct  either  full  screen 
images  with  the  acoustic  signal  modulating  the  z-axis  of  the  CRT  or  individual 
line  scans  showing  magnitude  or  phase  as  a  function  of  position.  The  primary 
electron  energy  was  20  keV  and  the  beam  current  was  1  x  10-/A  for  all  of  the 
measurements  reported  here.  The  samples  used  were  high  purity  aluminum 
bicrystals  which  had  been  grown  by  a  solidification  and  seeding  technique4. 

The  samples  were  mechanically  polished  and  then  chemically  etched,  producing  a 
1.5  micron  wide  channel  along  the  length  of  the  grain  boundary.  This  channel 
allowed  the  position  of  the  boundary  to  be  precisely  located  in  the  secondary 
electron  image. 

The  grain  boundary  was  easily  detected  in  the  SEAM  images.  Fig.  1  shows 
a  secondary  electron  image  of  the  grain  boundary  with  magnitude  and  phase  line 
scans  at  three  indicated  positions  along  the  boundary  for  a  modulation  fre¬ 
quency  of  24.4  kHz.  This  measurement  was  repeated  at  a  series  of  frequencies 
and  summaries  of  the  magnitude  and  phase  line  scans  for  the  central  position 
in  Fig.  1  are  shown  in  Figs.  2  (a)  and  (b).  To  investigate  the  frequency 
dependence  of  the  apparent  width  of  the  boundary,  the  half  width,  half  maximum 
of  the  phase  signal  was  measured  to  the  right  and  to  the  left  of  the  grain 
boundary.  These  results  are  plotted  in  Fig.  3  as  a  function  of  of1/2  along 
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with  the  thermal  diffusion  length  in  aluminum. 

It  is  apparent  from  Fig.  1  that  the  contrast  observed  due  to  the  grain 
structure  of  the  aluminum  arises  from  the  presence  of  the  grain  boundary 
itself  and  that  no  real  contrast  is  detected  between  the  interiors  of  the  two 
grains.  Contrast  between  grain  interiors,  in  addition  to  contrast  at  the 
boundary,  has  been  observed  in  large  grained  pure  aluminum  samples  prepared  by 
a  strai n-anneal  recrystallization  technique.  The  origins  of  the  grain  in¬ 
terior  contrast  are  currently  under  investigation.  The  data  in  Fig.  3  suggest 
a  strong  thermal  component  to  the  contrast  since  the  half  width,  half  maximum 
of  the  phase  signal  across  the  boundary  shows  a  dependence,  particularly 

for  the  right  hand  side  of  the  boundary  (the  erratic  results  for  the  left  hand 
side  of  the  boundary  will  be  discussed  below).  Since  the  thermal  conductivity 
and  thermal  expansion  coefficient  are  isotropic  in  a  cubic  material  such  as 
aluminum,  the  contrast  cannot  arise  simply  from  the  mi sorientation  of  the 
lattice  across  the  grain  boundary.  The  contrast  observed  suggests  the 
presence  of  a  thermal  boundary,  possibly  due  to  preferential  segregation  of 
impurity  elements  and  oxides  at  the  grain  boundary  or  due  to  the  dislocation 
structure  of  the  boundary. 

The  magnitude  and  phase  signal  profiles  vary  with  position  along  the 
grain  boundary.  This  may  well  be  due  to  variations  in  the  actual  structure  or 
impurity  concentration  along  the  grain  boundary.  The  presence  of  an  addi¬ 
tional  defect  to  the  left  of  the  grain  boundary  is  suggested  by  the  data  of 
Fig.  1.  In  the  top  trace,  the  phase  line  scan  shows  a  broad  minimum  whose 
right  corner  corresponds  exactly  to  the  position  of  the  grain  boundary. 

Further  evidence  of  additional  structure  to  the  left  of  the  boundary  is  found 
in  the  variation  of  the  frequency  dependence  of  the  HWHM  of  the  phase  line 
scan  on  the  left  and  right  sides  of  the  boundary  (see  Fig.  3).  The  left  side 
of  the  boundary  does  not  exhibit  the  same  of*'2  dependence  found  on  the  right 
side  of  the  grain  boundary. 

As  described  above,  there  appears  to  be  a  strong  thermal  contribution  to 
the  contrast  observed  at  grain  boundaries  in  aluminum.  In  order  to  investi¬ 
gate  the  effect  of  the  anisotropy  in  elastic  moduli  expected  across  the  bound¬ 
ary,  preliminary  "pitch-catch"  experiments  have  been  performed  with  the  elec¬ 
tron  beam  on  the  same  side  and  on  the  opposite  side  of  the  grain  boundary  from 
the  localized  detector.  While  the  presence  of  elastic  contrast  mechanisms  is 
not  yet  confirmed,  there  is  a  strong  acoustic  contribution  to  contrast  due  to 
the  acoustic  resonances  excited  in  the  sample.  These  resonant  modes  are  a 
function  of  the  specimen  geometry  and  do  not  give  information  on  spatial 
variation  in  the  elastic  properties  of  the  samples.  The  acoustic  contribution 
to  contrast  must  be  noted,  however,  since  it  can  lead  to  dramatic  contrast 
reversals  across  acoustic  nodal  lines  in  the  sample. 

The  presence  of  a  thermal  contribution  to  contrast  at  grain  boundaries  in 
aluminum  has  been  demonstrated.  Since  the  thermal  properties  are  isotropic  in 
aluminum  and  since  there  is  considerable  variation  in  the  signal  profile  at 
different  locations  along  the  boundary,  it  is  believed  that  the  thermal  wave 
images  are  sensitive  to  grain  boundary  related  phenomena  such  as  the  presence 
of  dislocations,  impurity  atoms  and  vacancies.  While  an  acoustic  contribution 
to  contrast  is  readily  apparent,  the  importance  of  elastic  contrast  mechanisms 
has  yet  to  be  established. 
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Photothermal  Generation  of  Thermoelastic  Waves  in 

Composite  Media 


GROVER  C.  WETSEL,  Jr. 


Abstract— The  essential  physics  of  photothermal  generation  of  ther¬ 
moelastic  waves  is  reviewed,  principally  with  the  use  of  one-dimen¬ 
sional  models  of  composite  media.  The  emphasis  is  placed  on  under¬ 
standing  the  effects  of  material  and  dynamical  parameters  on  the 
thermoelastic  generation  process.  Thermoelastic  coupling,  the  propa¬ 
gating  mode,  and  the  nonpropagating  mode  are  described.  Theoretical 
temperature  and  elastic  displacement  distributions  in  composite  struc¬ 
tures  are  presented.  Variations  of  ultrasonic  amplitude  and  intensity 
with  structure  dimensions,  optical  attenuation,  frequency,  and  mate¬ 
rial  parameters  are  discussed  and  compared  with  reported  experimen¬ 
tal  data.  Bulk  heating  models,  surface  heating  models,  thermoelastic¬ 
backing  models,  and  idealized-backing  models  are  compared.  It  is 
shown  that  the  material-parameter  group  most  important  in  photo¬ 
thermal  elastic-wave  generation  is  a(D)1'3,  where  a  is  effectively  a  ther¬ 
mal-expansion  coefficient,  and  D  is  the  thermal  diffusivity.  Transitions 
from  linear  to  nonlinear  photothermal  thermoelastic  effects  are  de¬ 
scribed. 

I.  Introduction 

HE  ABSORPTION  of  light  in  condensed  matter  pro¬ 
duces  heat  via  nonradiative  transitions.  Because  of 
thermoelastic  coupling  elastic  disturbances  are  also  pro¬ 
duced.  When  the  light  source  (usually  a  laser)  is  pulsed 
or  harmonically  modulated,  nonpropagating  thermal 
waves  and  propagating  elastic  waves  are  generated.  Pho- 
tothermal  generation  of  thermoelastic  waves  (PGTEW)  in 
condensed  matter  has  become  an  important  research  sub¬ 
ject  with  applications  in  materials  characterization,  im¬ 
aging,  and  processing  [  1]— [7]. 

The  usual  configuration  of  PGTEW  experiments  is  such 
that  one  can  expect  the  excitation  of  longitudinal  bulk, 
transverse  bulk,  and  surface  elastic  waves  as  well  as  ther¬ 
mal  waves.  Modeling  of  these  effects  in  three  dimensions 
is  a  formidable  problem,  even  for  an  infinite  medium. 
Since  in  practice  the  generated  waves  carry  information 
characteristic  of  adjacent  media  as  well  as  the  generating 
medium,  three-dimensional  modeling  of  composite  media 
becomes  even  more  untractable.  Fortunately,  the  essen¬ 
tial  features  of  the  generation  process— the  effects  of  ma¬ 
terial  and  dynamic  parameters— can  be  understood  using 
one-dimensional  models. 

In  this  paper  the  essential  physics  of  photothermal  gen- 
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eration  of  thermoelastic  waves  is  discussed,  principally 
with  the  use  of  one-dimensional  models  of  composite  me¬ 
dia.  The  emphasis  is  placed  on  understanding  the  effects 
of  material  and  dynamic  parameters  on  the  thermoelastic 
generation  process.  A  historical  review  that  highlights 
theoretical  models  incorporating  these  features  is  pre¬ 
sented.  No  attempt  to  include  a  comprehensive  review  of 
approximate  models  or  models  appropriate  to  specialized 
experimental  configurations  is  made.  Predictions  of  the¬ 
oretical  models  are  compared  with  experimental  results. 

The  first  theoretical  treatment  of  thermoelastic  wave 
generation  with  a  clear  relation  to  PGTEW  interests  was 
given  by  White  [8j.  White’s  one-dimensional  model  con¬ 
sists  of  an  infinitesimal  surface  heat  source,  a  semi-infi¬ 
nite  thermoelastic  sample,  and  an  idealized-backing  me¬ 
dium.  The  backing  medium  has  no  thermoelastic  material 
properties  and  hence  no  thermal  nor  elastic  disturbance  is 
excited  in  it.  Solutions  to  the  thermal-diffusion  and  elas¬ 
tic-wave  equations  were  obtained  in  the  time  domain  for 
a  rectangular  heating  pulse  and  in  the  frequency  domain 
for  a  harmonic  heating  source.  The  temperature  and  elas¬ 
tic  displacement  in  the  sample  were  determined  subject  to 
the  thermal  boundary  condition  that  no  heat  is  conducted 
into  the  backing,  and  for  two  cases  of  the  elastic  boundary 
condition  at  the  heated  surface:  1)  stress-free  surface  and 
2)  clamped  (perfectly  rigid)  surface.  Goumay  [9]  treated 
the  problem  of  bulk  optical  absorption  in  a  semi-infinite 
liquid  sample.  Temporal  solutions  to  the  thermoelastic 
equations  corresponding  to  a  rectangular  (laser)  heating 
pulse  were  obtained  for  stress-free  and  damped  elastic 
boundary  conditions  with  no  heat  transferred  into  the 
backing  medium.  The  first  theoretical  treatment  of  pho¬ 
tothermal  elastic  wave  generation  to  take  into  account  the 
effects  of  all  the  material  parameters  of  backing,  light¬ 
absorbing  medium,  and  sample  appeared  in  a  series  of 
papers  by  Wetsel  [  10J-1 14).  One-dimensional  models  of 
both  surface  and  bulk  heating  of  multimaterial  structures 
were  considered  in  both  the  frequency  and  time  domains. 
Calculations  of  temperature  and  elastic-displacement  dis¬ 
tributions  were  made  for  several  material  combinations  of 
interest  and  a  range  of  dynamical  parameters.  These  re¬ 
sults  revealed  that  for  efficient  elastic  wave  generation  the 
important  material-parameter  group  for  each  medium  is 
a(D)i  :,  where  a  is  effectively  a  thermal-expansion  coef¬ 
ficient  and  D  is  the  thermal  diffusivity.  A  three-dimen¬ 
sional  theory  of  the  elastic  waves  generated  by  a  point 
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Pheat  source  in  an  elastic  half-space  has  been  given  by  Rose 
[15J.  Partition  of  energy  among  longitudinal  bulk,  trans- 
P  verse  bulk,  and  surface  waves  was  discussed.  Detailed 
p  results  were  presented  for  wavefront  expansions,  the  elas¬ 
tic  displacement  on  the  surface  and  along  the  symmetry 
Maxis,  the  directivity  pattern,  and  the  epicentral  displace- 
Iment  of  a  plate.  McDonald  [16]  has  recently  determined 
F  the  time  variations  of  the  surface  displacement  produced 
p  by  a  Gaussian  laser  pulse  in  an  extension  of  Rose’s  model. 
The  elastic  displacement  within  and  near  the  source  re¬ 
gion  and  on  a  time  scale  comparable  to  that  of  the  laser 
pulse  was  computed. 

II.  Theory 

A.  The  Thermal-Diffusion  and  Elastic-Wave  Equations 
Generation  of  thermal  and  elastic  waves  due  to  the  con¬ 
version  of  light  into  heat  is  described  by  the  coupled  ther¬ 
mal-diffusion  and  elastic-wave  equations.  For  condensed 
matter,  the  thermal-diffusion  equation  may  be  written  in 
the  form  [17] 


y  r  iT  .  »  _  Ty  x  ^ 

,  -  pCv  ,  +  <*  T  2-i 
ij  1  dXjdXj  at  i.j  at 


(1) 


where  T  is  the  temperature,  H  is  the  heat-source  density, 
kh  is  the  (y)-th  component  of  the  thermal-conductivity 
tensor,  C„  is  the  specific  heat  at  constant  volume,  and  X/y 
is  the  (ij)- th  component  of  the  temperature-stress  tensor. 
The  quantity  uu  is  the  {ij)- th  component  of  the  elastic- 
strain  tensor 


1 

“"  =  2 


du, 

Ihj  + 


dx, 


(2) 


where  u,  is  the  /th  component  of  the  elastic-displacement 
vector.  The  (ij)- th  component  of  the  elastic-stress  tensor 
is  given  by 

a i,  =  2  c,jUuki  —  \j(T  -  Te ) 


t  .t 


(3) 
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where  c,yt,  is  the  (ijkl )-th  component  of  the  elastic-stiff¬ 
ness  tensor  and  Tc  is  the  equilibrium  temperature.  The 
temperature-stress  tensor  may  be  written  in  terms  of  the 
thermal-expansion  coefficients  akt'. 


K  =  2 


k.l 


c,jklaU 
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where  a*,  =  (dukt/dT)a.  The  elastic-wave  equation  [17] 
d2u,  ^  do 


_  V 


dr 


dx, 
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where  p  is  the  density,  may  be  written  with  the  above 
relations  in  the  form 


d~U,  _  y  duU  y  dT 

p  Ir  ~  -  c'jU  ~  ~  ^  x,/ 


/.*./ 


dx, 


dx, 


(6) 


It  can  be  seen  by  examination  of  ( 1)  and  (6)  that  heat  H 
produces  a  temperature  variation  and  hence  an  elastic  dis¬ 
turbance  by  means  of  the  terms  connecting  T  and  //,. 


For  an  isotropic  solid,  the  thermal-diffusion  and  elastic- 
wave  equations  can  be  written,  respectively,  as  [  1 7 1 

kV2T  -  pCv^  +  H  =  7/3, BV  •  ^  (7) 

at  ot 

•\2 

p  ~  =  p'V2u  +  (X'  +  ff)  V(V  •  u )  -  0,BVT  (8) 

Ot 


where  /3,  is  the  volume  thermal-expansion  coefficient,  X' 
and  n’  are  the  Lame  constants,  and  B  is  the  bulk  modulus, 
B  =  (V  +  2m'/3). 

It  is  useful  for  purposes  of  illustrating  a  common  ap¬ 
proximation  and  estimating  the  magnitude  of  the  PGTEW 
effect  to  consider  (8)  with  the  inertial  term.  p(d2u/dt2). 
neglected.  This  is  called  the  quasistatic  |18|  or  long- 
wavelength  approximation.  If.  in  addition,  only  longitu¬ 
dinal  disturbances  are  considered,  V  x  u  =  0.  the  strain 
is  5  =  V  •  u  in  this  case,  and  (8)  can  be  put  in  the  form 

V[(X'  +  2/0  (V  •  u)  -  0,BT]  s  0  (9) 

from  which  it  follows  that 


=  &'B{T  ~  LI 

~  (X'  +  2/0  ‘ 


GO) 


Now,  the  right-hand  side  of  (7)  can  usually  be  ne¬ 
glected  as  will  be  shown  below.  If.  in  addition,  the  ther¬ 
mal  conduction  term  of  (7)  is  neglected,  then  (7)  becomes 


T  -  Tc 


1 

pCv 


S 


Hdt  = 


(1  -  R)E 
pCL,Ad 
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where  E  is  the  energy  of  the  (slowly  varying)  incident 
light  pulse.  A  is  the  cross-sectional  area  of  the  illuminated 
region  of  the  sample,  d  is  the  depth  of  illumination,  and 
R  is  the  optical  reflectance  of  the  sample  surface.  If  it  is 
assumed  that  the  depth  of  illumination  is  one  optical-ab¬ 
sorption  length  d  =  /3  ~ 1 ,  where  0  is  the  optical  absorption 
coefficient,  then  the  sample  temperature  rise  is  given  by 


T  -  T, 


(I  -  R)liE 
pC, A 


and  the  sample  strain  is  given  by 

5  -  (I  ~  R)li,B(iE 
pC,,(\‘  +  2p’)A 


(12) 


(13) 


Consider  as  an  example  aluminum  at  an  optical  wave¬ 
length  of  340  nm.  The  material  parameters  are  |I9|  p  = 
2.f  x  10'  kg/m\  C,  =  907  J/(kg  -  K).  0,  =  6.93  x 
I0'5  K-1.  ff  =  2.5  x  10"’  N/nr.  X'  =  6.1  x  I01"  N/ 
m2.  B  =  7.77  x  101"  N/nr.  R  =  0.923.  and  0  =  3.7  x 
I07  m"\  For  E  =  1.0  J/m2.  (12)  and  (13)  give,  respec¬ 
tively,  T  -  T,  =  1.16  K.  5  =  5.65  x  lO'-"". 


B.  Thermoelastic  Coupling 

Consider  now  (he  one-dimensional  thermoelasiie  prob¬ 
lem  [17],  |20|  for  which  the  total  temperature  held  is  7(.v. 
t)  +  73,  u  =  iu(. r.  0.  and  H  =  0.  where  i  is  the  unit  vector 
giving  the  direction  of  the  r-axis.  (The  heat  is  brought 
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•V 

«,l'l 

ft 


into  the  problem  as  a  boundary  condition.)  The  thermal- 
diffusion  and  elastic-wave  equations  then  become,  re¬ 
spectively 

d2T  dT  d2u 

(,4) 

d!u  32u  dT 

(15) 


where  all  nonessential  subscripts  have  been  omitted,  X  = 
0,B,  and  the  total  temperature  has  been  replaced  by  Tt  on 
the  right-hand  side  of  (14)  in  order  to  linearize  the  differ¬ 
ential  equations  (small-signal  approximation).  Assume 
that  all  dynamical  quantities  vary  harmonically  with  time 
so  that 

T\x,  t)  =  T(x)  (16) 

«(jc,  t)  =  m(jc)  ejM.  (17) 

Then,  substitution  of  (16)  and  (17)  into  (14)  and  (15) 
yields  two  coupled  ordinary  differential  equations: 

d2T  .  du 

(18) 

£  +  ,i9) 

dx  dx 

where  p2  m  (jwpCJic),  g  =  (juXTJx),  k 2  s  ( w2p/c ), 
and  a  m  (X/c).  For  an  infinite  medium,  assume  that  the 
solutions  to  (18)  and  (19)  are  of  the  form: 

T(x)  =  Toe'*  (20) 

u(x)  =  UQe-”x  (21) 

where  y  is  to  be  determined.  Substitution  of  (20)  and  (21) 

into  (18)  and  (19)  yields  two  linear,  homogeneous,  alge¬ 
braic  equations  for  the  determination  of  the  complex  am¬ 
plitudes  T0  and  u0: 

(7 2  +  h2)T0  -  jgyu0  =  0  (22) 

-joy T0  +  (y2  -  k2)uo  =  0.  (23) 

For  a  nontrivial  solution,  the  determinant  of  the  coeffi¬ 
cients  of  T0  and  u0  must  vanish;  the  resulting  secular 

AnuofiAn  i  C  in  s,  ^  nn4  KrtP  Pm/\  r/\rt»r  a  < 


genvaiues: 


y2±  -  y  (1  +5-6) 


-1  ±  J 1  + 


where 


(1  +  6  -  by 


jay -T0 

7  -  ~  k2 

(29) 

(7+  “  k2)uo 
jay  + 

(30) 

The  temperature  and  elastic  fields  for  an  infinite  medium 
are  thus  given  by 

7T*)  =  To  e +  To  e~n-x  (27) 

u(x)  =  uo  e~”*x  +  Mo  e~”-x.  (28) 

The  ratios  of  eigenvectors,  Uq/Tq  and  Tq/uq  ,  are  ob¬ 
tained  by  substituting  y_  and  y+,  respectively,  into  either 
(22)  or  (23): 


To  = 


Absolute  values  of  To  and  mq  are  determined  by  the 
boundary  conditions. 

For  purposes  of  illustration,  consider  now  the  following 
model:  a  semi-infinite  medium  with  a  stress- free  boundary 
and  a  surface  heat  source  at  jc  =  0.  The  stress  a  =  c(du/ 
dx)  -  XT,  at  x  =  0,  is  given  by 

a0  =  ~jc(y  +  u£  +  7~«o)  ~  X(7*o  +  tq).  (31) 
Using  (29)  and  (30),  (31)  becomes 

jck2Uo  ,  ack2To 

*  —  +  (32) 
If  the  stress  is  zero  at  x  =  0,  a0  =  0,  and  (32)  yields 

(33) 

71  ~  kl 

The  heat  flux  =  -n(dT/dx),  at  x  =  0,  is  given  by 

4*o  =  j*(y+To  +  7_7"o  )  (34) 

which  using  (30)  becomes 

*  _  r ...  .  (7 1  -  ^2)«oi 


=  «  jy-To  + 


If  4>o  =  6  at  x  =  0,  where  h  is  the  surface  heat  source 
density  (in  watts  per  square  meter),  then  use  of  (33)  and 
(35)  gives 


!  ei- 

~j(y-  -  k‘)li 

T"  ~  F 

(36) 

where 

F  S  x[72-(7l  -  k2)  -  7.(7;  -  k2) |. 

(37) 

(24) 

It  then  follows  from  (29),  (30).  and  (33)  that 

„  —ay+h 

uo  =  p 

(38) 

(25) 

;( 71  -  k2)h 

Tn  ~  F 

(39) 

(26) 

ay 

Ur)  =  - . 

F 

(40) 
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■  TABLE  1 

Thermoelastic  Coupling  Parameters  for  Selected  Materials' 


Material 

p  (kg/m1) 

c  (N/M2) 

C„  (J/kg'-K) 

X  (N/mJ-K) 

«  (W/m-K) 

i 

!M 

Air 

1.195 

1.43  x  101 

1006 

4.83  x  102 

2.58  x  I0‘2 

0.404 

0.113 

Water 

998.2 

2.2  x  10* 

4182 

4.55  x  I05 

6.04  x  10-' 

6.61  x  I0'1 

4.12  x  lO-5 

Fused  Quartz 

2.2  x  I01 

7.85  x  10'° 

686 

4.54  x  10° 

1.44 

VI  x  10'6 

1.68  x  I0'5 

Sapphire 

3.99  x  101 

5.02  x  10" 

773 

3.29  x  10* 

25.1 

2.1  x  I0'1 

4.06  x  I0'5 

Silicon 

2.32  x  101 

1.66  x  10" 

704 

7.63  x  10s 

148 

6.3  x  I0-* 

7  97  x  10  “ 

Aluminum 

2.7  x  101 

1.11  x  10" 

907 

5.38  x  106 

237 

3.2  x  10‘2 

1.48  x  I0"1 

Copper 

8.93  x  101 

2.23  x  10" 

420 

8.02  x  I0‘ 

398 

2.31  x  I0'2 

2.67  x  10"1 

'  Material  parameters  were  obtained  from  the  handbook  literature  (19).  The  values  of  S  were  calculated  for  T,  _  300°  K  and  the  values  of  | f»  |  were 
calculated  for /  -  1000  MHz. 


For  condensed  matter,  5  «  1 ,  as  shown  for  several 
materials  of  interest  in  Table  I.  Furthermore,  even  for  mi¬ 
crowave  frequencies,  b  «  1  for  condensed  matter.  In 
view  of  these  inequalities,  the  first-order  approximations 
for  the  eigenvalues  are 

7+  s  k,  7_  s  -jp,  (41) 


M  =  (1  +  j)  -  (42) 

2k 

Correspondingly,  the  approximate  expressions  for  the 
temperature  and  elastic  fields  are 

T\x)  3  —  l(b  -  6)b  e~jk*  +  e~^]  (43) 

kh 


\h  ji 

CKpt2 


The  eigenvalue  7  +  corresponds  to  a  propagating  mode; 
the  eigenvalue  corresponds  to  a  nonpropagating  mode. 
The  propagating  mode  is  a  traveling  wave  without  atten¬ 
uation  in  the  first-order  approximation.  The  nonpropagat¬ 
ing  mode  decreases  to  e~'  of  its  value  at  x  =  0  in  one 
thermal  diffusion-length,  D  =  [2x/(a>pC„)]l/2,  in  the  first- 
order  approximation.  Both  propagating  and  nonpropagat¬ 
ing  modes  have  temperature  and  displacement  fields  as¬ 
sociated  with  them.  The  first  term  of  (43)  and  the  first 
term  of  (44)  represent  the  propagating  mode.  The  second 
term  of  (43)  and  the  second  term  of  (44)  represent  the 
nonpropagating  mode.  Since  the  first  term  of  (43)  is  small 
compared  to  the  second  term,  T(x,  t )  is  dominated  by  the 
second  term  and  is  usually  referred  to  as  a  “thermal 
wave.”  For  values  of  x  greater  than  a  few  thermal-diffu¬ 
sion  lengths  u(x,  t)  is  dominated  by  the  first  term  of  (44), 
which  corresponds  to  a  traveling  wave.  Since  the  7.  term 
dominates  T(x,  t )  and  the  7+  term  dominates  7*  term 
dominates  u(x,  1),  the  7 _  mode  is  often  called  the  thermal 
mode  and  the  7*  mode  is  often  called  the  acoustic  mode. 
It  is  worth  noting  that  the  second-order  approximation  of 
7*  contributes  a  term  to  -jy^x  of  the  form,  -[«  2k/ 
(po3C„)loc,  where  v  =  '/dp  is  the  phase  velocity  of  the 
elastic  wave;  this  amounts  to  an  attenuation  of  the  elastic 
traveling  wave  due  to  thermal  conduction.  The  first  term 
of  (43)  is  the  result  of  elastic  energy  converted  into  heat 
due  to  the  attenuation  of  the  elastic  wave. 


Fig.  I.  One-dimensional  model  of  transparent  backing  (x  <  0).  light-ab¬ 
sorbing  film  (0  £  x  s  d ),  and  transparent  sample  (x  >  d)  for  frequency- 
domain  calculations. 


C.  One-Dimensional  Composite-Media  Model  in 
Frequency  Domain 

A  one-dimensional  model  consisting  of  a  transparent 
backing  {x  <  0),  a  light-absorbing  film  (0  <  x  <  d),  and 
a  transparent  sample  (jr  >  d)  is  illustrated  in  Fig.  1.  As 
has  been  shown  above,  the  right-hand  side  of  (1)  can  be 
neglected  to  a  good  order  of  approximation.  Thus  the  ap¬ 
proximate  thermal-diffusion  equation 

d2T  dT 

“a?  ~  pC"  a7  *  ,J51 

is  first  solved  for  all  three  regions.  For  sample  and  back¬ 
ing,  H  =  0,  and  for  the  absorbing  film  [21],  [22] 

H  =  |  e'BV  -  R)  /0(f)  (46) 

where  0  is  the  optical  attenuation  of  the  film  and  /n(r)  is 
the  incident  intensity  of  the  light  (at  x  =  0).  The  incident 
light  is  imagined  to  be  uniformly  distributed  over  the  plane 
x  =  0.  Continuity  of  temperature  and  heat  flux  at  the 
boundaries  are  used  to  determine  T(x,  t),  -00  <  x  <  00. 
Then  the  elastic-wave  equation 


Pd?~Cd?  +  R,d 7dt~Xd/  (47) 

is  solved  for  all  three  regions  using  the  solutions  of  (45) 
for  T.  A  phenomenological  loss  term  with  loss  factor  Rt 


* 


I 


FV 


Wli* 


ss mm 


454 


IEEE  TRANSACTIONS  ON  ULTRASONICS.  FERROELECTRICS.  AND  FREQUENCY  CONTROL.  VOL.  UFFC-33.  NO  5,  SEPTEMBER  1986 


has  been  included  in  (47)  so  that  elastic-wave  attenuation 
can  be  taken  into  account.  Continuity  of  elastic  displace¬ 
ment  and  stress  at  the  boundaries  are  used  to  determine 
u(x,  0,  -oo  <  x  <  oo. 

Suppose  that  the  incident  light  intensity  is  harmonically 
modulated  with  frequency  w/2jt  so  that  I0(i)  =  l0e,u'.  Then 
solutions  to  (45)  that  take  into  account  the  finite  nature  of 
T  at  x  =  ±oo  and  the  standing-wave  nature  of  T  for  0  < 
x  <  d  are  for  backing,  film,  and  sample,  respectively 

T2(x)  =  Te  +  B2e*u,  x  <  0  (48) 


7U)  =  7,  +  B+e’1'  +  B.e' 


bye 


-at 


(P2  -  mV 

0  <  .t  <  d  (49) 

T,(jc)  =  7,  +  B.e-^,  X  >  d  (50) 


where 


bo 


P(l  -  RUo 

2k 


(51) 


and  the  thermal  propagation  factors  (p)  are  of  the  form 
given  in  (42)  with  material  parameters  appropriate  to  the 
medium.  The  boundary  conditions  72(0)  =  7(0),  T(d)  = 
7,(</),  K2(dT2/dx)0  =  K(dT/3x)0.  and  a (dT/dx)d  =  Kt(dTt/ 
dx)d  give  four  algebraic  equations: 


fl,  +  B  _  —  B2 

b0 

~  P2-d2 

(52) 

e,ldB+  +  e'^B.  -  e~“'dB[ 

bye-** 

P2  -d2 

(53) 

—  KpB  +  +  KpB  _  +  K2p2B2 

ixPbo 

P2  ~  d2 

(54) 

xpe^B*  +  Kpe-^B.  -  x^e'^B^ 

xPbye 

P2  -  d2' 

(55) 

Equations  (52)-(55)  can  be  solved  numerically  for  B+, 
B |,  and  B2 ,  the  values  of  which  are  then  substituted  into 
(48)-(50)  to  calculate  7(.r),  — oo  <  x  <  oo. 

The  corresponding  solutions  to  (47)  for  backing,  film, 
and  sample  are,  respectively 


u2(x)  =  A2eyu  + 


CK  Pi  -72)’ 


x  <  0 


(56) 


y  =  [g>2/?;/(2C„)  +  j(<ii/v)\,  the  phase  velocities  are  of  the 
form  v  =  (c/p)'/2,  and  the  effective  elastic  constants  are 
of  the  form  c'  =  c  +  joiR/.  The  boundary  conditions  u2(0) 
=  «(0),  u(d)  =  «,(</),  a2(0)  =  a( 0),  and  a(d)  =  add) 
give  four  algebraic  equations: 

A+  +  A  _  —  A2 


\pb0 

c'(P2  ~  72)  (01  ~  M2) 


+  X2/X2l?2 

c2(M2  ~  72) 

eydA+  +  e~ydA.  -  e~y,dAt 
=  Xflfepg-* 

c'(P2  ~  72)  (P2  ~  p2) 


Mg,  ~  A-) 
c'(p2  -  72) 

(59) 


cl(pi  -  7 T) 


-  |e"B*  - 

c'yA  +  -  c'yA.  -  c'y2A2 

_  _ ^y2bp _  \y2(B+  4-  B.) 

(P2  ~  d2)  (P2  -  y2)  (p2  -  72) 

\2y22B2 

(di  -  72) 

c'yeydA  +  -  c'ye-ydA„  +  c\yxe~y'dAy 

Wbpe-*'  X,7i  B,e-'d 

(P2  -  p2)  (P2  -  72)  (p2  -  7 2) 

X>2 

-  ;  r  2,  [*♦«'“'  +  B.e^Y 
(P  ~  7  ) 


(60) 


(61) 


(62) 


Equations  (59)-(62)  can  be  solved  numerically  for  4  +  , 
A  A\,  and  A2,  the  values  of  which  are  then  substituted 
into  (56)-(58)  to  calculate  u(x),  -oo  <  x  <  oo. 


D.  One-Dimensional  Composite-Media  Model  in  Time 
Domain 

Consider  now  the  one-dimensional  model  illustrated  in 
Fig.  2,  which  consists  of  a  transparent  backing  (x  <  0) 
and  a  sample  with  bulk  absorption  (,t  >  0).  Suppose  that 
the  incident  light  pulse  has  a  sine-squared  shape  with 
width  t 


u(x)  =  A+eyx  +  A  _e'yI  +  — - — y— — t- 

C  (p  -  7‘) 

•  [B^x  -  B-e'111  ] 

+  Wb«e-*x 

c'(P 2  -  72)  (P2  ~  d1) 

0  <  x  d 


«iU)  =  Aie~y'x 


KdiB\e'^ 

ci( Mi  “  7 i)  ’ 


x  >  d 


(57) 

(58) 


where  the  elastic-wave  propagation  factors  are  of  the  form 


4.(0 


sin2  (x f/r),  0  <  /  <  t 

0,  t  >  r.  r  <  0 


(63) 


which  is  a  good  approximation  to  the  shape  of  common 
laser  pulses.  The  method  of  Laplace  transforms  can  be 
used  to  obtain  solutions  to  (45)  and  (47),  which  become, 
respectively 


-  -  v*' 


(64) 


d-U  _  ,  _  X  dt 

dx:  U  c  dx 


(65) 
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Incident  Light 


Becking  (2) 


Sample  { I ) 


Fig.  2.  One-dimensional  model  of  transparent  backing  Or  <  0)  and  light¬ 
absorbing  sample  (-t  >  0)  for  time-domain  calculations. 


*  -  0 


where  losses  in  the  elastic-wave  equation  have  been  ne¬ 
glected.  f( x,  s)  and  0(x,  s)  are  the  Laplace  transforms  of 
T\x,  t)  and  u{x,  t),  respectively;  Jfc2  =  ( ps2/c );  p1  =  ( pCvs / 
«);  and  f(s)  is  the  Laplace  transform  of  (63) 


fo)  = 


2t3t(1  -  e~TS) 
ts[(ts)z  +  4ir2]' 


(66) 


The  solution  to  (64)  with  /  =  0  for  the  backing  is  of  the 
form 


f2( x,  s)  —  B2e*u,  x  <  0.  (67) 


The  solution  to  (64)  for  the  sample  is  of  the  form 


Ux,  s)  =  Bie~'1'1  - 


bj(s)e  b 
(02  -7?)' 


(68) 


The  solutions  to  (65)  for  the  backing  and  sample  are,  re¬ 
spectively,  of  the  forms 


02(x,  s )  =  A2ekri 


\2p2B2e»:x 
—  ^2) 


(69) 


0i(x,  s) 


A,e't,x 


ci(Mi  —  ^T) 


\\0boF(s)e~0x 
c,(js2  -  rf)(i32  -  k]y 


(70) 


The  quantities  fl,.  B2,  A{,  and  A2  are  evaluated  using  con¬ 
tinuity  of  temperature  and  heat  flux  at  x  =  0,  and  conti¬ 
nuity  of  particle  velocity,  du/dt,  and  stress  at  x  =  0.  The 
inverse  Laplace  transforms  can  be  computed  numerically 
to  give  T[x,  t)  and  u(x,  t),  0  <  t  <  »,  -00  <j:<  00. 


III.  Results 

A.  Temperature  and  Elastic-Displacement  Distributions 
for  Composite-Media  Model  in  the  Frequency  Domain 

The  temperature  distribution  was  calculated  for  several 
material  combinations  chosen  principally  because  they  had 


Fig.  3.  Temperature  vs.  .r  for  backings  sapphire,  film  “molybdenum, 
sample  “fused  quartz,  d  =  0.2  |im.  0  =  6.51  x  10’  m‘ ',/  «  20  MHz. 
and  (I  -  R)!„  =  1.0  W/m2. 


Fig.  4.  Temperature  vs.  .t  for  backing  =  air.  film  “molybdenum,  sample  = 
fused  quartz,  d  =  0.2  pm.  0  =  6.51  x  107  m"1./  =  20  MHz.  and 
(l-«)/„=l.0Wim!. 


been  used  in  reported  experiments.  Results  are  shown  in 
Fig.  3  for  the  case:  backings  sapphire,  film  —  molyb¬ 
denum,  sample  =  fused  quartz;  results  are  shown  in  Fig. 
4  for  the  case:  backing = air,  film  =  molybdenum,  and 
sample-fused  quartz.  In  both  cases  the  film  thickness  was 
taken  to  be  0.2  /zm,  the  modulation  frequency  to  be  20 
MHz,  and  (I  —  /?) /0  =  1.0  W/m2.  The  material  param¬ 
eters  were  taken  from  the  literature  (19].  The  optical  at¬ 
tenuation  0  used  in  these  calculations  is  characteristic  of 
molybdenum  at  a  wavelength  of  580  nm:  it  corresponds 
to  an  optical  absorption  length  (S~]  of  15.4  nm.  Since  the 
thermal-diffusion  length  in  molybdenum  at  20  MHz  is  920 
nm,  the  film  is  optically  thick  and  thermally  thin  in  these 
cases.  The  temperature  distributions  for  the  two  sets  of 
material  combinations  are  similar. 

The  elastic-displacement  distributions  calculated  for  the 
cases  corresponding  to  the  temperature  distributions  of 
Figs.  3  and  4  are  shown  in  Figs.  5  and  6,  respectively. 
By  comparing  Figs.  5  and  6.  one  can  see  that  there  is  a 
substantial  difference  in  u(x)  for  the  two  cases,  both  in  the 
shapes  of  the  curves  and  in  the  magnitudes  of  the  dis¬ 
placement  in  the  quartz  sample.  It  is  interesting  to  note 
that  an  air  backing— even  though  it  has  a  large  acoustic 
impedance  mismatch  to  molybdenum— has  a  nonnegligi- 
ble  effect  on  the  ultrasonic-wave  generation  in  the  film 
and  sample.  This  calculation  indicates  that  treating  air  as 
presenting  a  stress-free  boundary  with  no  heat  conduction 
may  be  a  poor  approximation  in  photothermal  generation 
of  elastic  waves  at  an  air-solid  interface.  As  will  be  shown 


456 


IEEE  TRANSACTIONS  ON  ULTRASONICS,  FERROELECTRICS.  AND  FREQUENCY  CONTROL.  VOL.  UFFC-33.  NO  5.  SEPTEMBER  1986 


Fig.  5.  Elastic  displacement  vs.  x  for  backing  ^sapphire.  film  =  molyb- 
denum.  sample  =»  fused  quartz,  d  =  0.2  tun.  0  =  6.51  x  10’ m1.  /  = 
20  MHz.  and  (I  -  R)I0  =  1.0  W/m\ 


Fig  6.  Elastic  displacement  vs.  x  for  backing  =  air.  tilm  =  molybdcnum. 

sample  =  fused  quartz.  </  =  0.2  jim.  (3  =  6.51  x  I0~’ m'1./ =  20  MHz. 

and  (I  -  R)l0  =  1.0  W/m’. 

below,  this  is  because  of  the  high  thermal-expansion  coef¬ 
ficient  of  air. 

B.  Effects  of  Dynamic  and  Material  Parameters  on 
Photothermal  Generation  of  Elastic  Waves  in  the 
Frequency  Domain 

The  variations  of  Ah  the  amplitude  of  the  traveling 
elastic  wave  in  the  sample,  with  optical  attenuation  0  and 
film  thickness  d ,  both  show  saturation  [11].  The  ampli¬ 
tude  of  the  photothermally  generated  elastic  wave  in¬ 
creases  with  increasing  0  for  a  given  value  of  d  until  all 
the  light  is  absorbed  in  the  film.  This  is  essentially  accom¬ 
plished  when  0  s  (5/d),  i.e.,  when  the  film  thickness  is 
equal  to  about  five  optical-absorption  lengths.  Similarly, 
A ,  increases  with  increasing  d  for  fixed  0  until  all  the  light 
is  absorbed  in  the  film.  If  the  thermal-diffusion  length  D 
of  the  film  is  large  compared  to  its  thickness  (the  film  is 
thermally  thin),  then  the  thermal  properties  of  the  sample 
are  of  essential  importance  in  determining  T  and  u.  For 
an  optically  thick  (d  »  0~')  and  thermally-thin  (d  « 
D)  film,  the  source  of  heat  can  be  assumed  to  be  at  the 
surface  of  the  sample,  and  the  material  properties  of  the 
film  can  be  neglected. 

The  variations  with  frequency  of  the  amplitude  and  in¬ 
tensity  of  the  elastic  wave  in  the  sample  are  of  particular 
interest.  The  time-averaged  intensity  for  harmohic  elastic 
waves  in  the  sample  is  given  by  /|  =  —  $  re(-ff,Mf), 
where  is  the  complex  conjugate  of  du^/dt,  the  particle 


Log  frequency  (Hz) 

Fig.  7.  Amplitude  of  elastic  wave  in  sample  vs.  frequency  for  A  or  (I  - 
R)l0  equal  to  1.0  W/m2.  (a)  Sapphire-molybdenum-quartz.  0  =6.51  x 
10’ m-1,  (.  **  0.2  jim.  (b>  Quartz  with  surface  heat  source  and  ideal¬ 
clampbacking.  (c)  Air-molybdenum-quartz,  0  =  6.51  x  lO’m"'  d  = 
0.2  jim.  (d)  Quartz  with  surface  heat  source  and  ideal  stress-free  back¬ 
ing. 


Fig.  8.  Intensity  of  elastic  wave  in  sample  vs.  frequency  for  A  or  1 1  -  R)l„ 
equal  to  1.0  W/m\  (a)  Sapphire-molybdenum-quartz.  (3  =  6  51  x  10’ 
m' '.  d  =  0.2  jim.  (b)  Quartz  with  surface  heat  source  and  ideal-clamp 
backing,  (c)  Air-molybdenum-quartz.  0  =  6.51  x  I07  m  '.  d  =  0  2 
jim.  (d)  Quartz  with  surface  heal  source  and  ideal  strcss-lrce  backing 

velocity  and  a |  is  the  stress.  The  functional  variations  of 
A  |  and  f  with  frequency  depend  on  the  material  parame¬ 
ters  of  the  composite  structure  and  thus  cannot  be  ex¬ 
pressed  in  simple  analytical  terms  except  in  special  cases 
(see  below).  For  sapphire-molybdenum-quartz  and  air- 
molybdenum-quartz,  A  |  is  shown  as  a  function  of  fre¬ 
quency  in  Fig.  7,  curves  (A)  and  (C).  respectively  The 
intensity  /|  is  shown  as  a  function  of  frequency  for  sap¬ 
phire-molybdenum-quartz  and  air-molybdenum-quartz 
in  Fig.  8,  curves  (A)  and  (C).  respectively.  The  sapphire 
backing  gives  a  significantly  greater  efficiency  of  photo- 
thermal  elastic-wave  generation  than  the  air  backing  and 
gives  a  different  frequency  dependence.  Since  7j  oc  /0, 
then  u i  oc  /0  and  f  oc  for  all  linear  thermoelastic 
cases. 

The  various  effects  on  the  amplitude  and  intensity  of 
photothermally  generated  elastic  waves  due  to  the  mate- 
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TABLE  II 

Theoretical  Values  of  Surface  Temperature  and  Amplitude  and  Intensity  of  Elastic  Waves' 


Backing  (2) 

Sample  ( 1 ) 

A,  (m) 

A ,  <m) 

/,  (W/nr) 

/,  (W/m:) 

r,  <K) 

Sapphire 

Fused  Quartz 

3  41  x  I0-J' 

1.15  x  10  -'" 

4.11  x  10" 

1  38  x  I017 

8  68  x  lO'" 

Air 

Sapphire 

1  42  x  10- 17 

1.53  x  10  ” 

6.56  x  10  " 

8.25  x  10  !l 

1  01  x  10  “ 

Air 

Fused  Quartz 

8.43  x  lO'17 

2.39  x  I0-J' 

2.32  x  10  14 

5.91  x  10'"* 

6.03  x  lO'* 

Air 

Molybdenum 

6  62  x  10  '" 

3.41  x  10  77 

1  43  x  10  " 

6.28  x  10  '” 

4.72  x  10  " 

Sapphire 

Molybdenum 

1.39  x  I0W 

9  24  x  10 ' 21 

6  83  x  lO- 17 

4.61  x  10'” 

3.22  x  10  ’ 

Air 

Silicon 

8.05  x  10'" 

3.97  x  I0'22 

2.11  x  I0"> 

2.45  x  I0  ;" 

5.74  x  lO"" 

Air 

Aluminum 

5.47  x  lO' " 

3.07  x  I0  -1 

9.74  x  10"17 

1.27  x  10  " 

3.79  x  lO"" 

1  In  backing  and  sample  for  several  material  combinations  using  surface-heat-source  model:  h  »  1.0  W/m'./  »  20  MHz 

TABLE  III 

Theoretical  Values  of  Surface  Temperature  and  Amplitude  and  Intensity  of  Elastic  Wave1 

Model 

Backing 

Film 

Sample 

r.  (K> 

A,  (m) 

/,  (W/m7) 

B 

Sapphire 

20u  nm  Mo 

Fused  Quartz 

5.19  x  10’’ 

7.27  x  lO-7' 

5.49  x  10'" 

B 

Air 

200  nm  Mo 

Sapphire 

5.07  x  10'* 

6.64  x  10'7J 

1.56  x  I0'71 

S 

Sapphire 

— 

Fused  Quartz 

8  68  x  10'" 

1.15  x  I0'7° 

1.38  x  I0'17 

S 

Ideal  Clamp 

— 

Fused  Quartz 

6.05  x  10'* 

3.05  x  I0  7' 

9.65  x  10'" 

S 

Ideal  Stress-Free 

— 

Sapphire 

1  01  x  10'* 

4.82  x  10  ” 

8  20  x  IO'77 

'In  sample  for  several  structures:  /  -  20  MHz,  B  «  bulk  optical  absorption  in  film,  0  »  6.5  x  107  m  (1  -  R)  l0  *  1.0  W/m7,  S  -  surface  heat 
source,  A  »  1 .0  W/m7. 


rial  parameters  of  the  composite  structure  can  best  be 
understood  using  an  analytical  rather  than  a  numerical  so¬ 
lution.  This  can  be  accomplished  using  an  extension  of 
White’s  [8j  surface-heat-source  model  to  include  the  ef¬ 
fects  of  the  thermoelastic  parameters  of  the  backing  ma¬ 
terial  [10],  [12],  This  model  consists  of  semi-infinite 
backing  (jc  <  0),  an  infinitesimal  harmonic  heat  source 
with  density  hejul  (jc  =  0),  and  semi-infinite  sample  (jc  > 
0).  This  model  is,  of  course,  the  limiting  case  of  the  model 
of  Fig.  1  as  d  -*  0  and  all  the  light  is  absorbed  at  the 
surface  (see  above).  For  the  surface-source  model,  (45) 
with  H  -  0  is  first  solved  for  backing  (jc  <  0)  and  sample 
(jc  >  0).  The  heat  source  is  introduced  via  the  boundary 
condition  at  jc  =  0 


dT'  X  L 

-A,  —  +  X2  —  =  h. 


dx 


dx 


(71) 


The  constants  in  the  temperature  solutions  for  the  two  me¬ 
dia  are  determined  by  (71)  and  continuity  of  temperature 
at  jc  =  0.  Then,  the  solutions  of  (47)  for  backing  and  sam¬ 
ple  are  obtained  as  above  for  the  finite  film.  The  surface 
temperature  at  jc  =  0  is  given  by 


acoustic  impedance  in  the  sample  to  that  of  the  backing. 
The  amplitude  of  the  traveling  elastic  wave  in  the  backing 
is  given  by 

h 

Ai  - 


(1  +  r)  (a, mi  +  a2M2) 

VX,(y,  -  Mi)  X2(7;  +  rp 2) 


(74) 


ciivl  ~  y\)  cz(d  ~  yb 

If  Ml  »  7 1,  M2  »  72-  and  the  attenuation  of  elastic 
waves  is  neglected: 

At  S 


(I  -j)h 


(l  +  r)  'fhjj(Kia]  +  x2a2) 


rX, 


A-}  = 


_  t  (1  zJl 

c\V\a\  y/2w 

-(1  ~j)h 


X|  +  x2 

La,c,  a2c2 


(75) 


(1  +  r)y[lu(K\a\  +  K2a2) 


Sivia\ 


(1  ~  j)r 
V2u 


+  x2 

a,c,  a2c2. 


(76) 


T, 


(1  -  j)h 
V2«(A|a|  +  K2a2) 


(72) 


where  a  *  (pC„/ a)1'2.  The  amplitude  of  the  traveling 
elastic  wave  in  the  sample  is  given  by  (10) 


_ h _ 

(1  +  r)  ( a | m i  +  a 2m2) 


where  r 


Xi7i(r  +  P\h |)  X272( fi2/y2  -  1) 

.  ^!(Mi  ~  7 1)  cJ(m5  -  72) 


(73) 


[cj  7,/(c272)]  is  the  ratio  of  the  characteristic 


where  r  s  \p\vj(p2v2)\  and  u,  and  v2  are  the  phase  ve¬ 
locities  of  elastic  waves  in  sample  and  backing,  respec¬ 
tively. 

Calculations  based  on  this  surface-heat-source  model 
are  shown  in  Table  II.  The  surface  temperature  Ts  and  the 
amplitude  and  intensity  of  the  elastic  waves  in  backing 
and  sample  are  given  for  several  material  combinations. 
Comparison  of  calculations  based  on  the  bulk-absorption 
model,  the  surface-heat-source  model,  and  White’s 
idealized  models  is  shown  in  Table  III  for  cases  of  partic¬ 
ular  interest.  The  frequency  dependences  of  /4,  and  /,  for 
White’s  models  are  shown  in  Figs.  7  and  8. 
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TABLE  IV 

Theoretical  Values  of  Surface  Tempera turf  and  Amplitude  of  Elastic  Wave' 


Model 

Backing 

Sample 

T,  (K) 

A,  (m> 

S 

Air 

Fused  Quartz 

6.03  x 

10'" 

2.39  x  10  '' 

1SF 

— 

Fused  Quartz 

6.05  x 

10  " 

4  67  x  10  ’’ 

S 

Air 

Sapphire 

1  01  x 

10  * 

1  53  x  10  22 

1SF 

— 

Sapphire 

1  01  x 

ID  " 

4  H2  x  10  •' 

S 

Air 

Aluminum 

3.79  x 

10  * 

3  07  x  It) 

tSF 

— 

Aluminum 

3.79  x 

10“ 

2  99  x  10  21 

S 

Air 

Silicon 

5.74  v 

10  “ 

3  97  x  10  22 

ISF 

— 

Silicon 

5  74  x 

10’ 

2  83  x  10  22 

1  In  sample  for  h  =  1.0  W/m2,  /  =  20  MHz;  comparison  of  surface  heal  source  model  (S) 
and  idealized  siress-free  model  (ISF). 


It  can  be  seen  by  inspection  of  Table  HI  that  the  values 
of  Ay  for  the  sapphire-molybdenum  and  sapphire-quartz 
surface-source  models  are  2  and  4  dB,  respectively, 
greater  than  that  for  the  sapphire-molybdenum-quartz 
bulk-absorption  model.  This  increase  in  Ay  is  due  to  the 
production  of  the  same  amount  of  heat,  i.O  W/m2  in  an 
infinitesimal  as  opposed  to  a  200-nm  thick  film.  The  dif¬ 
ference  in  Ay  between  the  two  surface  cases  is  due  to  the 
differences  in  the  pertinent  material-parameter  groups.  It 
should  also  be  noticed  in  Table  III  that  Ay  for  sapphire- 
quartz  is  11.5  dB  greater  than  quartz  backed  by  an  ideal 
clamp. 

A  particularly  interesting  result  of  these  calculations 
concerns  the  effects  of  an  air  backing.  Because  of  its  low 
characteristic  acoustic  impedance  (pu)  compared  to  that 
of  condensed  matter,  air  can  in  many  elastic  boundary- 
value  problems  be  treated  as  presenting  a  stress-free  sur¬ 
face.  However,  because  of  the  thermal  properties  of  air. 
White’s  idealized  stress-free  model  may  be  inappropriate, 
as  shown  in  Table  IV.  The  value  of  Ay  for  air-quartz  is 
54  dB  greater  than  that  given  by  quartz  with  an  ideal 
stress-free  backing  for  the  case  shown.  The  disparity  be¬ 
tween  the  surface-source  model  and  the  idealized  stress- 
free  model  is  not  always  so  great;  for  air-silicon.  Ay  is 
only  2.9  dB  greater  than  that  given  by  silicon  with  an  ideal 
stress-free  backing. 

The  essential  physics  of  photothermal  generation  of 
harmonic  elastic  waves  is  contained  in  (75).  The  most  ef¬ 
ficient  elastic-wave  generation  occurs  when  either  back¬ 
ing  or  sample  (or  both)  has  a  large  value  of  A/(ac)  and 
there  is  not  a  large  acoustic-impedance  mismatch  (r  not 
large).  Since  the  thermal  diffusivity  is  D  =  k/(pCv ),  a  = 
D~u2\  furthermore,  A/c  is  effectively  a  thermal-expansion 
coefficient  a.  Thus  a  material  with  a  large  value  of 
a(D)u2— on  either  side  of  the  heated  interface— will  pro¬ 
duce  efficient  thermoelastic  wave  generation.  If  the  back¬ 
ing  is  air,  then  r  »  1 ,  the  first  term  in  brackets  of  (75) 
dominates  at  frequencies  of  interest  here,  and  (75)  gives 
results  very  similar  to  the  results  given  by  White’s  ideal¬ 
ized  stress-free  backing.  However,  if  it  should  happen  that 
the  sample  has  a  relatively  low  value  of  A/(ac)— as  is  the 
case  for  fused  quartz— then  the  thermal  properties  of  air 
cannot  be  neglected,  and  the  remaining  terms  in  the  curly 
brackets  of  (75)  are  significant. 


Fig.  9.  Strain  in  sample  vs.  time  for  sample- water,  backings  fused  quartz, 
sine-squared  laser  pulse  with  (I  -  R)l„  =  1.0  W/m2.  r  =  10  ns.  x  = 
0.5  mm,  and  several  values  of  0  in  cm' '. 


C.  Pulse  Shapes  in  Time  Domain 

Calculations  based  on  the  model  of  Section  II-D  show 
that  the  temperature  pulse  characteristically  rises  rapidly 
following  the  heating  pulse  and  decays  relatively  slowly. 
As  for  the  case  of  harmonic  heating,  the  peak  temperature 
increases  with  increasing  0  until  saturation  occurs.  The 
calculated  strain  in  the  sample  (water  doped  with  a  suit¬ 
able  dye  to  make  it  optically  absorbing)  with  a  fused- 
quartz  backing  is  shown  in  Fig.  9  as  a  function  of  time 
for  several  values  of  0.  The  shape  of  the  strain  pulse 
changes  as  it  propagates,  attaining  its  eventual  shape  when 
x  —  5/3“',  that  is,  about  five  absorption  lengths  [14],  The 
pulses  shown  in  Fig.  9  have  attained  their  eventual  shapes 
reasonably  well.  It  should  be  noticed  that  the  peak  strain 
increases  with  increasing  0  over  this  range  of  0.  Further¬ 
more,  the  pulse  width  decreases  as  0  increases.  For  the 
pulses  shown,  the  full-width-half-maximum  strain  is  of 
the  order  of  (do)1,  where  v  is  the  elastic-wave  velocity 
of  the  sample. 

The  effect  of  a  substantially  different  backing  material 
on  the  strain  pulse  is  shown  in  Fig.  10,  where  strain  is 
shown  as  a  function  of  time  for  several  values  of  0.  In 
this  case,  the  sample  is  again  water,  but  the  backing  is 
air,  which  has  a  large  acoustic-impedance  mismatch  to 
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Fig.  10.  Strain  in  sample  vs.  lime  for  sample  =  wa!er.  backing  =  air.  sine- 
squared  laser  pulse  with  (I  -  /?)/„  =  1.0  W/m2,  r  =  10  ns,  ,r  =  0.1 
mm.  and  several  values  of  0  in  cm-'. 


water.  The  pulse  shapes  are  markedly  different  from  those 
shown  for  quartz-water  in  Fig.  9.  These  effects  are.  of 
course,  just  the  time-domain  manifestations  of  the  fre¬ 
quency  dependences  discussed  in  Section  III-B.  Gournay 
[9]  calculated  pulse  shapes  similar  to  those  in  Fig.  9  for 
an  idealized  clamped  boundary  condition  at  x  =  0  and 
similar  to  those  shown  in  Fig.  10  for  an  idealized  stress- 
free  boundary  condition  at  x  =  0. 

IV.  Comparison  with  Experiment 

Although  a  complete  experimental  evaluation  of  the 
preceding  theoretical  ideas  on  photothermal  thermoelastic 
wave  generation  is  not  yet  available,  the  published  evi¬ 
dence  in  a  variety  of  experiments  is  consistent  with  the 
general  features  of  the  models. 

Linear  thermoelastic  theory  predicts  that  the  elastic- 
wave  amplitude  is  a  linear  function  of  heating  intensity 
and  hence  that  the  ultrasonic  intensity  is  a  quadratic  func¬ 
tion  of  heating  intensity.  The  amplitude  of  the  piezo- 
electrically  detected  elastic  wave  produced  by  a  pulsed 
electron  beam  was  measured  as  a  function  of  peak  elec¬ 
tron-beam  power  for  Cu  and  Mo  samples  by  White  [23]. 
The  results  showed  that  the  elastic-wave  amplitude  was  a 
linear  function  of  electron-beam  power.  Cachier  [24]  ob¬ 
tained  “rough”  experimental  verification  of  the  predicted 
quadratic  dependence  of  ultrasonic  power  on  excitation 
power  using  Q-switched  laser  pulses  absorbed  by  several 
solids.  Kohanzadeh  et  al.  [25]  measured  the  amplitude  of 
the  acoustic  signal  as  a  function  of  excitation  power  for 
several  liquids  using  a  chopped  Ar*  laser  beam;  they 
,  found  good  agreement  with  the  above  predictions.  Ain- 
’  dow  et  al.  (26)  used  attached  longitudinal  and  transverse 
wave  transducers  to  detect  laser  generated  pulses  at  free 
!  metal  surfaces;  they  obtained  a  linear  dependence  of  ul- 
i  trasonic  amplitude  on  laser  intensity  up  to  a  point,  but 
carried  the  experiments  beyond  the  thermoelastic  regime. 
Scruby  et  at.  [27]  also  verified  the  predicted  dependence 
oi A\  on  /0  using  unfocused  laser  pulses  incident  on  metals 
and  detection  with  a  capacitance  transducer.  It  appears 
that  the  intensity  dependence  of  photothermal  thermo¬ 


elastic  wave  generation  is  well  understood  provided  that 
the  heating  intensity  is  not  sufficiently  high  to  produce 
some  nonlinear  effect  such  as  variation  of  material  param¬ 
eters  with  temperature  or  strain,  melting,  ablation,  or 
plasma  formation  [261-[3l|. 

Some  aspects  of  the  effects  of  material  parameters  on 
photothermal  elastic  wave  generation  cun  be  quantita¬ 
tively  evaluated  using  the  experimental  results  reported 
by  von  Gutfeld  and  Melcher  |32|.  who  used  5-ns  laser 
pulses  to  generate  ultrasonic  waves  in  two  devices 
that  correspond  to  the  models  of  Section  II:  a) 
backing  =  sapphire,  film  =  Mo.  sample  =  fused  quartz  and 
b)  backing  =  air.  tilm  =  Mo.  sample  =  sapphire  A  band  of 
the  excited  Fourier  spectrum  was  detected  by  a  20-MHz 
resonant  transducer  attached  to  the  sample  Theoretical 
calculations  of  these  cases  are  shown  in  the  first  two  row  s 
of  Table  111.  where  it  can  be  seen  that  the  amplitude  of 
the  elastic  wave  in  the  sample  for  case  a)  is  40.8  dB  greater 
than  for  case  b).  Von  Gutfeld  and  Melcher  reported  that 
the  detected  ultrasonic  amplitude  in  the  sample  for  case 
a)  was  about  40  dB  greater  than  for  case  b).  However, 
since  the  elastic  wave  in  case  b)  of  their  experimental  con¬ 
figuration  traveled  through  a  sapphire-quartz  interface  to 
the  transducer  the  eby  suffering  a  1.5  dB  reflection  loss, 
the  theoretical  value,  40.8  +  1.5  =  42.3  dB.  should  be 
compared  with  their  experimental  value  of  40  dB.  Agree¬ 
ment  of  theory  and  their  experiment  is  quite  good,  partic¬ 
ularly  so  in  view  of  the  fact  that  a  relatively  broadband 
spectrum  centered  at  20  MHz  was  used  in  the  actual  ex¬ 
periment. 

An  important  result  of  the  theory  of  Section  II  is  that 
efficient  photothermal  elastic  wave  generation  will  occur 
if  the  value  of  a(£))l/:  for  the  material  on  either  side  of 
the  healed  interface  is  large.  For  example,  if  a  liquid  such 
as  acetone,  which  has  a  large  thermal  expansion  coeffi¬ 
cient,  is  used  as  a  backing  to  fused  quartz,  the  calculated 
increase  in  A ,  is  about  2 1  dB  over  that  for  sapphire-quartz. 
Evidence  for  the  validity  of  this  guideline  is  provided  by 
the  data  and  analysis  of  von  Gutfeld  and  Budd  (33 1 .  who 
measured  laser-generated  ultrasonic  waves  for  several  liq¬ 
uid  samples. 

Another  good  test  of  the  models  is  the  frequency  de¬ 
pendence,  which  is  different  for  different  material  com¬ 
binations  as  illustrated  in  Figs.  7  and  8.  Measurement  of 
the  amplitude  of  the  generated  elastic  wave  as  a  function 
of  frequency  over  a  broad  range  is  a  formidable  experi¬ 
mental  problem,  particularly  in  the  more  interesting  high- 
radio  to  microwave  frequency  range.  However,  excitation 
of  temporally  narrow  pulses  is  straightforward  using  la¬ 
sers  and  fast-risetime  detection  in  the  time  domain  is  fea¬ 
sible.  though  exacting,  particularly  for  very  narrow 
pulses.  Of  course,  the  same  information  is  contained  in 
time-domain  and  frequency-domain  measurements,  in 
principle.  Only  a  few  experimental  efforts  to  evaluate  the¬ 
oretical  pulse  shapes  have  been  published,  as  discussed 
below. 

Using  20-60  ns  laser  pulses  absorbed  in  dve  solutions 
and  piezoelectric  detection.  Gournay  |9|  compared  de- 
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TABLE  V 

Theoretical  Values  oe  Surface  Temperature  and  Amplitude  and  Strain  of  Elastic 

Wave' 


Backing 

Sample 

T,  (K) 

A i  (nil 

s, 

( m/  m ) 

Air 

Atr 

Aluminum 

Silicon 

97  8 

148 

8.31  x  |()  " 

1.67  x  10  " 

2.48 
3  72 

x  10  7 
x  10  H 

'In  sample  fur  several  material  eomliinatiims  using  sin  late  heal-snuree  inntlel:  h  III"1 
W/m’./  =  3  MHz. 


(ected  stress-pulse  shapes  for  two  cases:  a)  backing  = 
air,  sample  =  liquid  (“unconstrained”  surface)  and  b) 
backing-glass  plate,  sample  =  liquid  (“constrained”  sur¬ 
face).  Although  no  quantitative  comparison  was  shown, 
approximate  agreement  of  detected  pulse  shapes  with  an 
idealized-free-surface  model  for  case  a)  and  an  idealized- 
clamp  model  for  case  b)  was  reported. 

Wetsel  et  al.  [14|  used  a  photoelastically  deflected 
probing  laser  beam  to  detect  elastic  waves  excited  in  a 
highly  absorbing  water  solution  backed  by  a  quartz  cu¬ 
vette  wall.  The  exciting  laser  pulse  had  a  FWHM  of  8  ns; 
the  detected  strain  pulse  has  a  FWHM  of  80  ns.  Although 
accurate  quantitative  comparison  was  hampered  by  un¬ 
certainty  in  the  value  of  /3,  the  observed  broad  strain  pulse 
is  consistent  with  the  result  of  Section  I1I-C  that  the  even¬ 
tual  FWHM  of  the  strain  pulse  is  of  the  order  of 

Quantitative  measurements  of  laser-generated  elastic 
waveforms  using  a  capacitance  transducer  were  reported 
by  Dewhurst  et  al.  [29].  A  three-dimensional  point-source 
model  [15]  has  shown  some  success  in  accounting  for  such 
measured  features  as  pulse  shapes  and  radiation  directiv¬ 
ity  patterns. 

V.  Discussion 

Generation  of  thermal  and  elastic  waves  by  optical  ab¬ 
sorption  occurs  because  of  heat  transferred  to  the  sample 
and  thermal  expansion.  Coupling  of  the  temperature  and 
elastic  fields  is  described  by  the  thermal-diffusion  and 
elastic-wave  equations.  Simultaneous  solution  of  the  two 
equations  results  in  a  propagating  mode  and  a  nonpropa¬ 
gating  mode.  Both  propagating  and  nonpropagating  modes 
have  temperature  and  displacement  fields  associated  with 
them.  The  propagating  mode  is  a  traveling  wave  without 
attenuation  in  the  first-order  approximation  and  is  usually 
referred  to  as  the  “acoustic”  mode.  The  nonpropagating 
mode  decreases  to  e~'  of  its  initial  value  in  one  thermal- 
diffusion  length  in  the  first-order  approximation  and  is 
usually  referred  to  as  the  “thermal"  mode. 

One-dimensional  composite-media  models  reveal  that 
the  thermal  and  elastic  material  parameters  of  the  opti¬ 
cally-absorbing  region  and  regions  adjacent  to  it  are  im¬ 
portant  in  determining  quantitative  features  of  the  gener¬ 
ated  waves.  The  most  effective  elastic-wave  generation 
occurs  when  materials  in  or  adjacent  to  the  heated  region 
have  large  values  of  a ( O) 1  2 .  This  means  that  it  is  usually 
true  that  a  condensed-matter  backing  produces  a  much 
larger  amplitude  of  the  elastic  wave  in  the  sample  than  a 
gas  backing.  Since  the  thermal  and  elastic  waves  carry 


information  about  the  generation  and  adjacent  regions, 
condensed-matter  backings  may  be  undesirable  in  imag 
ing  applications  where  only  sample  features  are  of  inter¬ 
est. 

The  characteristics  of  photothermal  generation  of  ther¬ 
mal  and  elastic  waves  discussed  in  this  paper  so  far  are 
valid  in  the  linear  thermoelastic  regime.  However,  it  is 
quite  easy  to  observe  nonlinear  behavior  in  PGTEW  ex¬ 
periments  |26|-|3I|.  For  example,  a  1.0  W  Ar+  laser 
beam  focused  with  a  microscope-object  lens  to  a  5-jxm 
beam  waist  produces  a  laser  intensity  of  10"  W/m:;  even 
unfocused  pulsed  lasers  such  as  Nd  :  YAG  can  easily  pro¬ 
duce  such  an  intensity,  or  greater.  In  Table  V,  the  sur¬ 
face-temperature  rise,  amplitude  of  elastic  displacement, 
and  strain  in  the  sample  are  shown  for  a  heating  intensity 
of  1010  W/m'  and  a  frequency  of  3  MHz.  In  the  case  of 
aluminum,  even  the  temperature  rise  of  nearly  100  K  is 
insufficient  to  cause  a  substantial  nonlinearity  in  the  ther¬ 
mal  conductivity,  because  the  thermal  conductivity  of  j 
aluminum  is  a  weak  function  of  temperature  near  300  K.  i 
On  the  other  hand,  the  nearly  150-K  surface  temperature 
rise  for  silicon  represents  a  very  substantial  nonlinearity 
in  thermal  conductivity  since  k  for  silicon  is  a  strong  func¬ 
tion  of  temperature  near  300  K.  The  strain  levels  in  both 
cases  are  well  below  the  value  that  would  be  expected  to 
result  in  an  elastic  nonlinearity  Since  the  ratio  of  the  prin¬ 
cipal  third-order  elastic  constant  to  the  second-order  elas¬ 
tic  constant  is  typically  of  the  order  of  0. 1 ,  a  ten-percent 
nonlinearity  in  elasticity  would  occur  for  a  strain  ampli¬ 
tude  of  about  unity.  Thus  it  is  expected  that  typical  sam¬ 
ples  are  driven  thermally  nonlinear  well  before  they  are 
driven  elastically  nonlinear  by  photothermal  conversion. 
The  data  of  Scruby  et  al.  |27|  on  aluminum  at  3  MHz  is 
consistent  with  this  analysis.  The  open-circuit  voltage  tor 
typical  resonant  transducers  used  to  detect  the  strain  lev¬ 
els  of  Table  V  is  of  the  order  of  hundreds  of  millivolts. 
One  should  therefore  be  careful  in  any  PGTEW  experi¬ 
ment  to  determine  whether  observed  signals  are  in  the 
thermoelastic  regime. 
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Abstract 

Solid  samples  with  subsurface  structure,  princi-  3 
pally  vertical  cracks,  have  been  studied  using  L 
both  photoacoustic  and  photothermal-optical -beam-  ' 
deflection  imaging.  Quantitative  comparison  of 
images  is  presented.  It  was  found  that  the  trans-. 
verse,  peaked-on-normal ,  optical -beam-deflection 
image  most  readily  sensed  microscopic  cracks. 


I.  Introduction 

Focused  laser  beams  can  be  used  to  locally  heat  a 
metallic  sample  via  photothermal  conversion.  With 
the  use  of  short-focal -length  lenses  such  as 
microscope  objectives,  the  heating  (pump)  laser 
beam  waist  can  be  as  small  as  a  few  micrometers. 
Scanning  of  the  pump  beam  relative  to  the  sample 
surface  makes  possible  the  investigation  of  the 
thermoelastic  properties  of  microstructure  near 
the  heated  surface.  Detection  of  local  variations 
in  thermoelastic  properties  can  be  accomplished  by 
measuring  temperature  variations  using  photother¬ 
mal  optical -beam  deflection  (PTOBD),  e.g.,  or  by 
measuring  variations  in  the  generation  of  elastic 
disturbances  using  a  piezoelectric  transducer 
attached  to  the  sample,  e.g.  Since  the  limiting 
factor  in  definition/resolution  is  not  the  thermal 
diffusion  length  [1-3],  features  of  the  order  of 
the  pump  beam  or  smaller  In  size  can  be  investi-  , 
gated,  even  at  relatively-low  pump-laser-beam  j 
modulation  frequencies.  j 

1 

Important  applications  of  the  PTOBO  and  photo- 
.acoustic  (PA)  techniques  include  sensing  and  char-j 
acterization  of  metallic  interfaces.  For  example,! 
the  spatial  extent  of  the  variation  of  physical  ■ 
parameters  in  the  neighborhood  of  the  grain 
;boundary  in  high-purity,  carefully  prepared  bi-  I 

crystals  is  sufficiently  small  to  require  high-  1 

definition  imaging  instrumentation  and  to  severely^ 
.test  the  ultimate  definition  capabilities  of  PTOBO  1 
,and  PA  imaging  [4,5].  In  order  to  better  under¬ 
stand  such  interfaces,  a  sample  with  a  prepared 
interface  has  been  fabricated  for  use  in  compari-  . 
son  of  PTOBO  and  PA  images.  We  report  the  results 
Jof  investigations  of  that  sample  and  another,  a 
'compact-tens i  1  e  sample  with  a  dosed  crack. 


11.  Experiment 

The  PTOBD  images  are  obtained  by  measuring  the  de¬ 
flection  of  a  focused  He-Ne  probe  laser  beam  using 
a  position  sensor.  80th  normal  and  transverse 
components  of  the  deflection  are  measured.  The  PA 
images  are  obtained  by  measuring  the  signal  from  a 
piezoelectric  transducer  attached  to  the  sample. 

In  both  cases  heating  is  produced  by  a  modulated, 
focused,  Ar+  laser  beam.  Two-spatial-dimensional 
images  are  formed  by  scanning  the  sample  under  HP 
9836CS  computer  control  [6].  Both  in-phase  and 
phase-quadrature  signals  are  simultaneously  mea¬ 
sured  using  an  EGSG  Princeton  Applied  Research 
5301  dual-channel  lock-in  amplifier.  Amplitude 
and  phase  images  are  then  constructed  using  the 
computer. 

The  sample  (WJZ)  with  the  prepared  interface  was 
fabricated  from  two  aluminum  alloy  plates,  each 
6.35  mm  *  11.4  mm  *  25.4  mm.  The  two  plates  were 
j;  lapped  and  polished  on  the  mating  surfaces  and 

then  fastened  together  with  screws.  The  top  sur¬ 
face  of  the  assembly  was  then  lapped  and  polished 
to  a  mirror  finish.  The  resulting  interface  is 
optically  invisible  over  most  of  the  sample. 

The  second  sample  is  an  aluminum-magnesium  alloy 
compact-tensile  specimen  with  a  crack  that  varies 
from  open  to  closed.  The  scans  were  taken  across 
the  closed  portion  of  the  crack. 

1 

: 1 1 1 .  Results  and  Discussion 


.The  amplitude  and  phase  of  the  transverse  PT080 
.signal  are  shown  in  line  scans  across  the  inter¬ 
face  of  sample  WJ2  in  Fig.  1.  In  this  case,  the 
transverse  signal  is  "peaked  on  normal,"  that  is, 

It  he  probe  beam  is  located  at  the  position  for  max¬ 
imal  normal -deflection  signal  and  minimal  trans¬ 
verse  -de  f  1  ect  i  on  signal  when  the  pump  beam  is 
positioned  well  away  from  the  interface  [7].  With 
this  configuration,  the  transverse  signal  will  be 
zero  when  the  scan  is  over  homogeneous  material, 
that  is,  the  homogeneous  background  signal  is 
zero.  In  practice,  the  lock-in  amplifier  is  mea¬ 
suring  noise  in  this  configuration,  until  the  scan 
approaches  the  interface.  The  rapid  and  wide  var¬ 
iation  in  the  phase  when  the  scan  position  is  away 
from  the  interface  is  a  result  of  the  noise.  Near 
the  interface,  its  resistance  to  heat  transfer 
across  it  causes  a  temperature  variation  that  is 
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Amplitude  line  leans  across  closed  crack  in 
compact-tension  sample,  f  »  750  Hz.  (a) 
Normal  PTOBD,  (b)  transverse,  peaked-on-' 
normal  PTOBD,  (c)  attached-transducer.^ 


characteristic  of  the  interface  when  the  interface 
is  deeper  than  a  thermal -di ffuslon  length,  which 
is  the  case  here.  Thus,  the  characteristic  signal" 
of  such  an  interface  is  illustrated  by  the  double- 
peak  in  the  amplitude  and  the  180°  phase  shift  as  " 
the  scan  crosses  the  interface.  This  character¬ 
istic  signal  is  theoretically  understood  [5]. 


Images  in  the  form  of  a  contour  map  for  200  urn  * 
200  um  areas  of  sample  WJ2  near  the  interface  are 
shown  in  Figs.  2-6  at  a  frequency  of  1.04  kHz. 
Because  the  relative  positions  of  probe  and  pump 
beam  are  slightly  different  in  each  case,  the 
;areas  are  slightly  displaced.  However,  one  can 
[readily  identify  common  features  in  the  images; 
point  A  in  Figs.  2-4,  for  example,  is  the  same 
point  on  the  sample.  The  features  in  Figs.  2-4 
are  most  probably  due  to  inclusions  in  the  alum¬ 
inum  alloy  [4],  The  size  and  frequency  of  occur¬ 
rence  of  the  features  correspond  to  the  typical 
values  for  the  alloy.  These  inclusions  may  either 
be  on  the  surface  or  subsurface. 


It  is  important  to  notice  that  whereas  the  inclu¬ 
sion  signals  are  apparent  in  the  normal  PT08D, 
transverse  PT0B0,  and  PA  amplitude  images  of  Figs, 
2-4,  no  indication  of  the  interface  is  observed 
even  though  it  is  located  near  x=100  ym.  However, 


Phase  line  scans  across  closed  crack  in' 
compact-tension  sample,  f  »  750  Hz.  (a) 
Normal  PTOBD,  (b)  transverse,  peaked-on- 
normal  PTOBD,  (c)  attached-transducer. 


the  interface  is  observed  in  the  transverse, 
peaked-on-normal  PTOBD  amplitude  image  of  Fig. 

5.  Furthermore,  it  is  spectacularly  revealed  — 
because  of  the  180°  phase  shift  --  in  the  trans¬ 
verse,  peaked-on-normal  PTOBD  phase  image  of  Fig. 

6.  It  is  particularly  important  to  notice  that 
the  interface  is  revealed  in  the  transverse, 
peaked-on-normal  PT0B0  signals  even  in  the 


presence  of  strong  inclusion  signals. 


Amplitude  and  phase  line  scans  across  the  closed 
crack  of  the  aluminum-magnesium  alloy  compact- 
tensile  sample  are  shown  in  Figs.  7  and  8  for  a 
frequency  of  750  Hz.  Some  indication  of  the  exis¬ 
tence  of  the  crack  is  observed  in  both  amplitude 
[and  phase  of  the  normal  PT0B0,  transverse  (peaked- 
jon-normal)  PT0B0,  and  PA  signals.  However,  again 
|it  is  the  transverse,  peaked-on-normal  PT0B0 
[Signal  that  gives  the  clearest  indication  of  the 
'presence  of  the  crack. 


In  conclusion,  vertical  interfaces  in  metals  have 
been  studied  using  PTOBD  and  PA  imaging  tech¬ 
niques.  It  has  been  found  that  even  microscopic 
interfaces  can  be  detected  and  that  the  trans¬ 
verse,  peaked-on-normal  PTOBD  configuration  is 


particularly  useful  for  this  purpose. 
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INTRODUCTION 

Novel  techniques  for  materials  characterization  and  nondestructive 
evaluation  are  being  continually  developed  to  meet  the  requirements  of 
examining  an  ever-increasing  range  of  new  materials.  A  wide  range  of 
physical  properties  and  processes  are  exploited  in  the  current  measurement 
technologies  and  it  is  often  necessary  to  match  the  characterization 
technique  to  the  materials  problem  at  hand.  A  very  recent  addition  to  the 
repertoire  of  materials  characterization  techniques  is  thermal  wave 
imaging.  This  field  encompasses  a  wide  range  of  techniques  for  exciting 
and  detecting  periodic  temperature  fields  or  "thermal  waves"  in  solids. 

The  physical  probe  for  this  materials  characterization  technique  is  heat 
and  thermal  wave  imaging  thus  provides  information  about  local  variations 
in  sample  thermal  properties  such  as  the  thermal  conductivity  and  the  heat 
capacity.  Thermal  wave  Imaging  is  a  developing  technique  and  although  the 
contrast  mechanisms  can  be  identified  in  simple  situations,  understanding 
the  contrast  in  thermal  wave  images  for  complicated  sample  geometries  and 
detection  schemes  is  very  involved  (1).  It  is  readily  apparent  that  many 
topics  of  interest  in  materials  science  lend  themselves  well  to  characteri¬ 
zation  on  the  basis  of  variations  in  the  sample's  thermal  properties.  The 
examples  considered  in  this  paper  consider  interfaces  and  show  that  the 
measurement  of  variations  in  the  interruption  of  heat  flow  across  these 
interfaces  provides  an  effective  means  for  characterizing  the  structure  of 
the  interface. 


BACKGROUND 

The  basic  principles  of  thermal  wave  imaging  are  illustrated  in  Fig. 

1.  A  heating  beam  which  is  modulated  in  time  strikes  the  sample  causing  a 
periodic  temperature  field  to  be  set  up  in  the  solid.  The  details  of  this 
temperature  field  will  depend  on  the  local  thermal  properties  of  the  sample 
as  well  as  on  the  specifics  of  the  interaction  of  the  heating  beam  with  the 
surface.  For  example,  electrons  have  a  range  of  1-10  urn  in  metals  for 
energies  in  the  range  of  5  to  30  keV,  while  the  absorption  length  for 
photons  is  of  the  order  of  nanometers.  The  depth  of  penetration  of  the 
heating  source  relative  to  the  depth  of  the  thermal  structures  of  interest 
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can  De  important  in  determining  wnetner  tnese  structures  are  detecte 
This  has  been  demonstrated  for  thermal  wave  Imaging  of  a  semiconductor 
device  using  electron  beam  heating  where  Increasing  the  Interaction  depth 
of  the  electrons  allowed  Improved  detection  of  subsurface  structures  (2). 

Theoretical  modelling  of  the  temperature  distribution  in  the  solid 
Involves  solution  of  the  thermal  diffusion  equation  subject  to  the  appro¬ 
priate  boundary  conditions.  In  a  simple  one-dimensional  model  of  a  semi¬ 
infinite  solid  with  surface  heating  the  solution  is  of  the  form: 


T(x,t) 


exp(-  j)  exp[1(«t  -  j)) 


where  Ts  is  the  surface  temperature,  x  is  the  distance  into  the  solid  and  6 
is  a  parameter  known  as  the  thermal  diffusion  length  which  is  given  by  the 
expression: 

6  =  [  ]1/2  (2) 

1  UPCV  1 


where  <  is  the  thermal  conductivity,  tt  is  the  density  and  Cy  is  the 
specific  heat  capacity.  Although  Eq.  1  resembles  the  solution  to  a  wave 
equation  with  losses  (thus  giving  rise  to  the  term  “thermal  wave"),  this 
expression  for  the  temeprature  field  arises  from  the  solution  of  a  diffu¬ 
sion  equation  with  a  periodic  source  term.  The  thermal  diffusion  length, 

6,  is  related  to  both  the  "thermal  wavelength"  and  the  rate  of  decay  of  the 
thermal  waves  and  is  thus  a  useful  unit  of  measure  for  discussion  of 
thermal  wave  measurements. 

A  number  of  direct  and  indirect  methods  are  available  for  probing  the 
temperature  field  in  the  solid  and  these  techniques  enable  changes  in  the 
temperature  field  to  be  monitored  as  the  heating  beam  is  scanned  over 
different  regions  of  the  sample.  Method  1  indicated  in  the  figure  is  the 
optical  beam  deflection  or  "mirage"  technique  (3,4).  This  measurement  is 
based  on  the  development  of  a  "thermal  lens"  in  the  air  layer  just  above 
the  sample  due  to  conduction  of  heat  from  the  sample  surface  to  the  gas. 

The  source  of  this  thermal  lens  is  the  temperature-dependence  of  the  index 
of  refraction  of  air.  A  probe  laser  beam  is  then  sent  through  this  lens 
and  very  small  variations  in  the  amount  of  deflection  of  the  beam  are 
measured  by  a  position  sensitive  detector.  The  deflection  is  given  by: 
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where  n  is  the  gas  index  of  refraction,  T_  is  the  gas  temperature,  p  is  the 
probe  beam  path  over  the  sample.  Two  orthogonal  probe  beam  deflections 
exist,  one  in  the  plane  defined  by  the  probe  ray  direction  and  normal  to 
the  specimen  surface  (normal  component)  and  the  second,  orthogonal  to  this 
plane  (transverse  component).  For  all  relative  positions  of  the  excitation 
and  probe  beams,  the  normal  deflection  component  monitors  changes  in 
spclmen  temperature  while  the  transverse  deflection  component  monitors  the 
specimen  temperature  gradient  in  the  direction  orthogonal  to  the  probe  ray. 

The  probe  beam  can  also  be  oriented  in  a  vertical  configuraton  as 
indicated  by  Method  2  in  the  figure  (5-7).  The  deflection  signal  now  has 
two  components:  deflection  due  to  passage  through  the  thermal  lens  and 
deflection  due  to  local  variation  in  the  sample  surface  topography  due  to 
thermal  expansion  effects.  Thermoreflectance  or  the  thermal  modulation  of 
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Photothermal  radlometry  (Method  3)  is  another  "thermal"  method  for  detec¬ 
tion  and  is  based  on  the  enhanced  IR  emission  of  a  heated  object  (9, ID). 

The  fourth  detection  method  illustrated  in  Fig.  1  is  based  on  the  detection 
of  the  displacement  generated  by  the  periodic  thermal  expansion  of  the 
sample.  This  displacement  can  be  monitored  using  a  number  of  techniques 
including  an  attached  transducer  (11,12)  or  optical  interferometry  (13). 

The  experiments  reported  here  incorporate  combined  thermal  and  thermo- 
elastic  detection  using  a  system  where  both  optical  beam  deflection  and 
piezoelectric  detection  methods  are  employed.  The  sample  mounted  on  a 
piezoelectric  transducer  (NBS  conical  transducer)  is  scanned  beneath  an 
argon  Ion  laser  pump  beam  and  a  helium-neon  laser  probe  beam  under  computer 
control  and  line  scans  or  Images  can  be  generated.  Both  the  magnitude  and 
the  phase  of  the  normal  or  transverse  component  of  the  optical  beam 
deflection  signal  or  of  the  piezoelectric  signal  can  be  used  for  imaging. 

A  similar  procedure  is  used  for  creating  thermal  wave  images  using  an 
electron  beam  for  heating.  A  scanning  electron  microscope  has  been 
modified  to  allow  blanking  of  the  electron  beam  over  the  range  0.1  to  500 
kHz.  The  sample  Is  mounted  on  a  piezoelectric  transducer  and  the  magnitude 
or  phase  of  the  piezoelectric  signal  is  used  in  conjunction  with  the 
imaging  electronics  in  the  SEM  to  generate  both  line  scans  and  images. 

SUBSURFACE  HORIZONTAL  BOUNDARIES 

The  first  materials  characterization  problem  to  be  presented  here  is 
the  detection  of  subsurface  horizontal  boundaries.  Two  sample  geometries 
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Lower  specimen  surface 


Fig.  1  Schematic  representation  of  the  physical  processes  involved  in 
thermal  wave  imaging  with  4  different  detection  schemes. 


are  considered.  The  buried  slant  slot  sample  is  a  disk  of  2U24  aluminum,  1 
cm  in  diameter  and  3  mm  thick  containing  a  slot  halfway  through  the 
diameter  of  the  sample  at  an  angle  of  about  17°  to  the  top  surface.  The 
burled  slant  hole  sample  is  a  similar  disk  but  with  a  hole  of  diameter  1  mm 
drilled  through  the  disk,  also  at  an  angle  of  about  17°  to  the  top  surface. 
Scans  over  the  tops  of  these  samples  allow  the  examination  of  defects  of 
ever-increasing  depth  in  the  same  sample. 

Figure  2(a)-(f)  show  both  the  magnitude  and  phase  of  the  normal 
component  of  the  optical  beam  deflection  signal  (NOBU)  for  the  buried  slant 
slot  sample.  The  data  is  presented  in  image  form  in  (a)  and  (b)  and  in  a 
perspective  plot  representation  in  (c)  and  (d)  to  better  show  the  func- 


Fig.  2  Experimental  (a-d)  and  theoretical  (e-f)  magnitude  and  phase  images 
of  buried  slant  slot  using  detection  by  NOBD. 


rionai  dependence” of  the  signal  over  the  slot.  The  slot  is  breaking 
through  the  surface  near  the  middle  of  the  right  hand  side  of' the  image  and 
by  the  bottom  of  the  image  the  slot  has  a  depth  of  about  300  pm  or  about 
1.8  thermal  diffusion  lengths  at  the  modulation  frequency  of  500  Hz  used  in 
this  experiment.  The  results  of  a  one-dimensional  calculation  of  the 
magnitude  and  phase  of  the  surface  temperature  over  the  buried  slant  slot 
are  given  in  (e)  and  (f)  and  show  a  favorable  comparison  with  the  experi¬ 
mental  data.  Although  the  phase  gives  indication  of  the  defect  to  deeper 
depths  than  the  magnitude,  there  is  very  little  indication  of  the  presence 
of  the  defect  when  it  is  greater  than  1  to  2  thermal  diffusion  lengths  in 
depth  for  detection  by  a  thermal  method  such  as  optical  beam  deflection. 

Detection  of  buried  defects  using  piezoelectric  detection  is  illus¬ 
trated  in  Fig.  3.  In  this  experiment  the  buried  slant  hole  sample  has  been 
scanned  using  both  electron  beam  (Fig.  3(a)  and  (b))  and  laser  beam  (Fig. 
3(c))  excitation  at  a  modulation  frequency  of  about  78  kHz.  The  results 
are  similar  for  both  excitation  methods.  The  ratio  of  the  defect  depth,  D 
to  the  thermal  diffusion  length,  6  is  indicated  for  each  of  the  line  scans 
in  the  figure  and  it  is  clear  that  not  only  does  piezoelectric  detection 
allow  defects  of  depth  up  to  20  thermal  diffusion  lengths  to  be  detected, 
but  the  functional  dependence  of  the  piezoelectric  signal  also  changes  as  a 
function  of  depth.  The  source  of  this  signal  shape  is  under  investigation 
but  it  is  clearly  not  a  scattering  of  the  ultrasonic  wave  from  the  hole 
since  the  wavelength  in  aluminum  at  this  frequency  is  about  70  times  the 
diameter  of  the  hole. 

VERTICAL  CRACKS 


Comparison  of  three  different  detection  methods,  piezoelectric  detec¬ 
tion  and  the  normal  and  transverse  components  of  the  optical  beam  deflec¬ 
tion  are  shown  in  Fig.  4  for  a  200  um  by  20  uni  scan  over  a  vertical  closed 
crack  in  an  aluminum  alloy  compact  tensile  specimen  with  all  measurements 
made  at  a  laser  beam  modulation  frequency  of  750  Hz.  Such  vertical  inter¬ 
faces  can  be  very  difficult  to  detect  with  conventional  nondestructive 
testing  techniques.  Although  the  crack  can  be  detected  in  both  the  magni¬ 
tude  and  phase  scans  for  piezoelectric  and  N0BD  detection,  the  most  telling 
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Fig.  3  Thermal  wave  images  of  buried  slant  hole  using  piezoelectric 

detection  and  excitation  by  (a),  (b)  electron  beam  and  (c)  laser 
beam. 


Fig.  4  A  comparison  of  three  different  detection  methods  --  NOBL),  TOBl)  and 
piezoelectric  —  for  thermal  wave  imaging  of  a  vertical  crack 
(a)  magnitude,  (b)  phase. 


indication  of  the  crack  presence  is  obtained  from  the  double  peak  in  the 
magnitude  and  the  180°  shift  in  the  phase  of  the  transverse  OBD  signal. 

This  is  expected  since  the  transverse  signal  monitors  the  gradient  in  the 
temperature  distribution  in  the  direction  orthogonal  to  the  probe  beam 
direction.  A  vertical  crack  effectively  interrupts  this  temperature 
gradient.  The  piezoelectric  and  NOBD  signal  are  more  dependent  on  the 
actual  sample  temperature  and  a  crack  in  a  vertical  orientation  does  not 
have  as  large  an  effect  on  the  surface  temperature. 

CORROSIVE  ATTACK  OF  INCONEL  600 

The  final  sample  to  be  examined  here  is  a  specimen  of  Inconel  Alloy 
600  with  a  grain  size  ranging  from  40  to  80  um  which  has  been  subjected  to 
a  corrosive  environment  to  produce  intergranular  attack.  Such  an  attack 
results  in  fine  cracks  along  grain  boundaries  which  would  be  expected  to 
strongly  affect  heat  flow  in  the  sample.  Intact  grain  boundaries  have  been 
imaged  using  thermal  wave  imaging  (14),  but  the  problem  in  this  sample  is 
more  similar  to  the  imaging  of  vertical  cracks  as  described  above.  Fig.  5 


shows  both  image  and  perspective  plot  data  for  the  magnitude  and  phase  of 
the  normal  08D  signal  at  500  Hz  (5  ■  50  um)  for  a  scan  which  covers 
attacked  material  on  the  left  and  good  material  on  the  right.  There  is  a 
marked  difference  in  signal  level  between  the  good  and  the  attacked 
material  for  both  the  magnitude  and  phase.  Also,  greater  structure  is 
evident  in  the  attacked  region,  perhaps  indicating  groups  of  grains  which 
are  separated  from  other  groups  of  grains.  Other  scans  at  higher  magnifi¬ 
cation  measuring  the  transverse  0B0  component  revealed  regions  in  the 
attacked  material  with  180°  phase  excursions,  thus  indicating  the  presence 
of  vertical  cracks. 

CONCLUSIONS 

We  have  presented  examples  which  demonstrate  that  thermal  wave  imaging 
is  a  viable  technique  for  materials  characterization,  particularly  for  the 
study  of  interfaces  such  as  horizontal  boundaries  and  vertical  cracks. 

Just  as  it  is  often  important  in  other  materials  characterization  tech¬ 
niques  to  select  the  appropriate  measurement  technique  for  the  particular 
materials  problem,  it  is  necessary  in  a  thermal  wave  measurement  to  employ 
methods  for  excitation  and  detection  of  the  thermal  waves  which  best  suit 
the  material  properties  and  sample  geometry  of  the  problem  at  hand.  It  has 
been  shown  that  subsurface  defects  can  be  easily  detected  by  optical  beam 
deflection  provided  they  are  at  a  depth  of  a  thermal  diffusion  length  or 
less.  For  deeper  defects,  piezoelectric  detection  is  required. 


Fig.  5.  Thermal  wave  images  (magnitude  and  phase)  of  corrosive  attack  in 
Inconel  600  with  detection  by  N0BD.  Attached  material  is  at  the 
left  of  the  image  and  good  material  is  at  the  right. 
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INTRODUCTION 

Photothermal-optical-beam-def lection  (PTOBD)  imaging  involves  use  of  a 
focused,  modulated  laser  beam  to  locally  heat  a  sample  and  a  second  laser 
beam  to  probe  the  resulting  changes  in  sample  temperature.  For  opaque 
samples,  the  photothermal  heating  occurs  essentially  at  the  surface  and 
temperature  changes  in  the  bulk  occur  via  thermal  diffusion  to  a  depth 
below  the  surface  of  the  order  of  a  thermal-diffusion  length, 

5  *  (2«c/pCij)  ,  where  <  is  the  thermal  conductivity,  p  is  the  density,  C 
is  the  specific  heat,  and  ai  is  the  modulation  frequency.  Since  the 
limiting  factor  in  definition/resolution  is  not  the  thermal  diffusion 
length  [1,21,  features  of  the  order  of  the  heating-laser-beam  diameter  or 
smaller  can  be  investigated,  even  at  relatively  low  modulation  frequen¬ 
cies.  Lateral  spatial  resolution  for  subsurface  features  much  closer  to 
the  surface  than  a  diffusion  length  is  independent  of  the  diffusion  length 
and  is  determined  principally  by  the  diameter  of  the  heating  beam,  although 
the  diameter  of  the  probe  beam  can  affect  the  resolution  [1-4].  Generally, 
the  limiting  factors  on  spatial  resolution  in  PTOBD  imaging  are  the 
heating-beam  diameter,  the  shape  and  depth  of  the  subsurface  feature  being 
imaged,  and  the  modulation  frequency  ( to  a  lesser  extent)  [2,4].  This 
paper  presents  images  of  a  number  of  important  classes  of  materials  with 
resolution  less  than  10  um.  Some  contrast  issues  and  underlying  materials 
issues  are  discussed  qualitatively. 

The  PTOBD  images  are  formed  by  measuring  the  deflection  of  a  He-Ne 
probe-laser  beam  caused  by  an  Ar  -laser  heating  beam  scanning  the  sample 
[5].  The  diameter  of  the  heating  beam  is  estimated  to  be  about  5  um.  The 
probe  beam  was  unfocused  in  these  experiments  and  had  a  diameter  of 
approximately  0.8  mm.  Both  the  amplitude  and  phase  of  the  normal  and 
transverse  deflection  signals  were  measured  using  an  EGG  Princeton  Applied 
Research  5301  dual  channel  lockin  amplifier.  In  this  paper  these  images 
are  presented  using  a  16  level  gray  scale.  Control  of  the  experiment  was 
provided  by  a  HP  9836C  computer  [6]. 

DISCUSSION 

PTOBD  images  of  a  polished  specimen  of  2024  aluminum  are  shown  in 
Figures  1-3.  Image  detail  of  a  few  microns  is  clearly  resolved.  This 
scale  is  commensurate  with  the  l  jm  step  size  of  the  translators  moving  the 
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Fig.  3.  Transverse  PTOBD  amplitude  image  of  sample  of  2024  a lumlnum, f » 2  kHz 


specimen  and  with  the  estimated  diameter  of  the  Ar+  pump  beam.  Note  that 
since  the  amplitude  image  (Fig.  1)  and  the  phase  image  (Fig.  2)  show 
similar  structure,  thermal  contrast,  pot  optical  contrast,  is  the  basis  of 
the  images  observed.  Notice  also  that  the  transverse  PTOBD  image  (Fig.  3) 
is  strikingly  different  from  the  normal  image.  Optical  and  SEM  micrographs 
and  SEM/EDAX  (energy  dispersive  X-ray  analysis)  Images  have  also  been  made 
for  this  sample.  They  reveal  the  presence  of  Inclusions  associated  with 
iron  and  manganese  impurities  within  the  aluminum  matrix.  The  geometric 
scale  of  these  Inclusions  is  approximately  10  urn  in  linear  aspect 
consistent  with  the  PTOBD  feature  sizes.  We  tentatively  associate 
inclusions  with  the  PTOBD  contrast  observed  in  Figs.  1-3.  The  issue  of  how 
coherent  these  inclusions  are  with  the  matrix  has  not  yet  been  resolved. 
This  question  and  the  associated  question  of  the  relationship  of  coherency 
and  thermal  boundary  impedance  are  important  Issues  for  future  study.  They 
may  be  connected  with  the  differences  observed  between  normal  and 
transverse  iamges. 

Figures  4  and  5  show  normal  OBD  images  of  a  refractory  Ni-based  alloy 
covered  with  a  diffusion-bonded  aluminum  coating.  Again,  the  images  show 
micrometer-scale  thermal  features  as  well  as  features  which,  while  of  the 
same  geometric  size,  are  clearly  of  optical  origin.  The  micros  true  tura  1 
basis  of  the  PTOBD  image  features  has  not  been  unambiguously  determined  at 
this  time.  However,  SEM  micrographs  of  the  interface  of  other  samples  In 
this  series  Indicate  that  the  coating  penetrates  the  substrate  with  long 
"fingers"  whose  cross-section  approximates  10  jm.  The  size  of  these 
features  of  the  interface  corresponds  to  the  image  features  observed  and 
suggests  that  the  thermal  features  in  the  PTOBD  image  are  representations 
of  the  subsurface  fingers. 
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Fig.  6.  Normal  PTOBD  amplitude  image  of  sample  of  graphite-aluminum 
composite  material,  f  -  200  Hz. 


Normal  PTOBD  phase  iamge  of  sample  of  graphite-aluminum  composite 
material,  f  ■  200  Hz. 
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Normal-deflection  PTOBD  amplitude  and  phase  Images  of  a  unidirectional 
graphite  aluminum  composite  are  shown  In  Figures  6  and  7.  This  specimen 
had  breaks  In  the  aluminum  coatings  parallel  to  the  fiber  direction  which 
presumably  occurred  through  differential  contraction  during  fabrication. 

In  the  PTOBD  images  contrast  is  seen  at  the  break  and  In  regions  on  either 
side  of  the  visual  break.  The  extension  of  the  PTOBD  contrast  beyond  the 
visual  region  may  be  related  to  changes  in  the  fiber-aluminum  bond  caused 
by  stress.  In  other  studies  on  this  material  using  scanning  electron 
acoustic  techniques  (SEAM),  periodic  "puckers"  were  observed  on  a  line 
orthogonal  to  the  break  direction.  These  also  suggested  local  regions  of 
directed  internal  stress.  In  the  SEAM  experiments  the  largest  break  open¬ 
ing  was  coincident  with  the  location  of  the  "puckers". 

As  a  final  example  of  PTOBD  applications,  Figure  8  is  a  transverse 
deflection  scan  of  a  grain  boundary  in  a  high-purity  aluminum  blcrystal. 

The  sample  was  grown  from  the  melt  using  two  separated  seeds.  The  result¬ 
ing  crystals  were  allowed  to  have  a  common  inte-faee  in  the  melt  at  a  point 
above  the  seeds.  X-ray  topographic  analysis  has  shown  that  each  region  is 
single  crystalline  with  some  substantial  lattice  distortion  occurring  at 
points  parallel  to  the  grain  boundary.  For  the  PTOBD  studies,  the  specimen 
was  first  mechanically  polished  and  subsequently  chemically  polished.  The 
sample  was  intentionally  somewhat  overetched  to  make  the  boundary  visible 
for  image  registration  purposes.  The  scan  shown  in  Figure  8  represents 
200,  1.6  micron  steps.  For  this  case  a  focused  probe  beam  was  used  with 
estimated  diameter  of  0.07  ym. 

Figure  8  shows  an  amplitude  minimum  at  the  grain  boundary.  On  either 
side  of  the  boundary  there  are  relative  maxima  whose  amplitudes  depend 
weakly  on  frequency  in  the  range  250-4000  Hz.  Similar  results  were  ob¬ 
tained  for  the  normal  PTOBD  scans.  This  signal  variation  is  characteristic 
of  the  temperature  dependence  predicted  for  a  thermally  insulating  plane 


Fig.  8.  Transverse  PTOBD  amplitude  vs.  X  for  aluminum  bicrystal  in 
neighborhood  of  grain  boundary,  f  «  2  kHz 
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perpendicular  to  the  sample  surface  that  inhibits  heat  flow  parallel  to  the 
surface  of  the  sample.  For  a  scanned  point  excitation  source,  a  tempera¬ 
ture  Increase  on  either  side  of  the  insulating  boundary  occurs  [2]  as  the 
source  approaches  the  boundary.  Both  normal  and  transverse  scans  also  show 
evidence  of  subsurface  structure.  Similar  evidence  of  near  boundary  struc¬ 
ture  has  been  developed  in  SEAM  imaging  of  the  same  specimen.  Signifi¬ 
cantly,  the  PTOBD  signal  varies  in  amplitude  along  the  interface.  On  occa¬ 
sion  the  boundary  is  not  observed.  This  is  in  contrast  to  the  SEAM  scans 
where  the  boundary  is  always  seen,  although  with  varying  spatial  signature. 
This  suggests  that  the  observed  PTOBD  signal  is  associated  with  spatial 
variations  in  the  thermal  impedance  of  the  grain  boundary,  possibly  related 
to  the  presence  of  lattice  deformation  or  to  impurities  at  the  interface. 

It  then  appears  that  a  modification  of  the  temperature  distribution  by 
thermal  properties  associated  with  the  Interface  between  two  crystals  has 
been  observed.  However,  the  contrast  between  the  PTOBD  and  acoustic  detec¬ 
tion  imaging  methods  leaves  questions  of  the  nature  of  the  mechanisms  yet 
unresolved. 

In  summary,  PTOBD  methods  are  sensitive,  relatively  high  resolution 
probes  of  specimen  microstructure  which  are  applicable  to  a  wide  range  of 
spec imens . 
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MATERIALS  AND  MICROSTRUCTURE 

A  knowledge  of  the  microstructure  of  electronic  materials  and  devices  as  well  as  structural  materi¬ 
als  is  a  key  factor  in  understanding  their  properties.  Thermal  wave  imaging  is  a  relatively  new  tech¬ 
nique  that  provides  images  that  display  microstructural  features;  it  also  allows  local  material  properties 
to  be  measured.  The  technique  has  been  used  to  locate  localized  defects  (such  as  subsurface  cracks 
and  voids)  in  metals  and  ceramics  and  to  study  grain  structure  in  metals.  Contrast  mechanisms  in 
imaging  are  discussed,  and  various  thermal  wave  techniques  are  described  and  compared. 


INTRODUCTION 

New  materials  with  special  properties  have  played 
a  prominent  role  in  the  history  of  human  civilization. 
Epochs  entitled  the  Stone,  Iron,  and  Steel  Ages  (and 
perhaps  now  the  Silicon  Age)  give  a  sense  of  the  im¬ 
pact  these  developments  have  had  on  human  affairs. 
What  is  sometimes  overlooked  is  that  the  elemental 
composition  of  these  materials  defines  their  proper¬ 
ties  only  to  a  limited  extent.  Cast  iron  and  steel,  for 
example,  can  have  the  same  elemental  composition  yet 
have  significantly  different  properties  because  of  the 
special  grain  structure  present  in  steel  that  arises  from 
the  processes  of  heat  treatment  and  metalworking  used 
in  its  formation.  Microstructure  can  determine  mac¬ 
roscopic  properties. 

Fiber-matrix  composites  and  crystalline  ceramics 
provide  another  example.  Here  two  or  more  distinct 
materials  are  brought  together  in  a  controlled  struc¬ 
ture  to  produce  a  final  product  with  properties  mea¬ 
surably  different  from  those  of  either  of  the  starting 
constituents.  Again,  microstructure  determines  mac¬ 
roscopic  properties  at  the  price  of  complex  spatial  vari¬ 
ations  in  sample  properties  across  the  specimen. 
Conversely,  microstructural  failure  of  the  fiber-matrix 
bond  in  the  composite  or  microcracking  in  the  ceram¬ 
ic  implies  failure  of  the  larger  structure. 

Semiconductors  provide  a  final  example.  Here,  de¬ 
vice  performance  is  jointly  determined  by  specimen 
properties;  intentional  structure  is  provided  by  circuit 
architecture,  and  unintentional  structure  is  represent¬ 
ed  by  processing  defects,  dislocations,  grain  bound¬ 
aries,  and  other  flaws  in  the  base  material.  As  the  scale 
of  electronics  continues  to  shrink,  the  role  of  micro¬ 
structure  will  continue  to  grow.  For  some  structured 
materials  now  under  development,  ordering  occurs  at 
the  atomic  or  molecular  level,  and  the  question  of  mi¬ 
crostructural  control  becomes  more  important. 

THERMAL  WAVE  IMAGING 

Our  everyday  experience  with  the  diffusive  nature 
of  heat  suggests  that  temperature  is  an  unlikely  tool 


for  studying  microstructure;  nevertheless,  temperature 
patterns  produced  by  modulated  heating  provide  an 
excellent  way  to  study  the  local  properties  of  many 
solids  and  to  study  specimen  microstructure  as  well. 

Thermal  wave  imaging  refers  to  a  family  of  methods 
that  uses  time-varying  changes  in  sample  temperature 
to  study  the  local  properties  of  solids. 13  The  modu¬ 
lated  sample  temperature  is  produced  by  a  modulated 
excitation  source  that  is  scanned  over  the  specimen  sur¬ 
face.  An  image,  obtained  by  monitoring  some  temper¬ 
ature-dependent  property  during  the  scan,  provides 
information  about  the  optical,  electronic,  structural, 
and  thermal  properties  of  the  specimen.  In  addition, 
when  particle  beams  such  as  electron  and  ion  beams 
are  used  for  excitation,  the  image  contains  informa¬ 
tion  about  the  nature  of  the  beam-specimen  interac¬ 
tion,  including  possible  nonthermal  interactions. 

Figure  1  illustrates  some  basic  features  of  thermal 
wave  imaging.  A  time-varying  energy  beam  incident 
on  the  sample  is  fractionally  absorbed  and  converted 
to  heat  with  a  consequent  rise  in  specimen  tempera¬ 
ture.  The  modulated  temperature  changes  a  number 
of  specimen  properties,  and  several  of  these  can  be 
used  to  determine  both  the  volume  and  surface  tem¬ 
perature.  Members  of  the  family  of  thermal  wave  im¬ 
aging  methods  are  classified  by  the  physical  property 
used  for  detection  and  by  the  source  used  for  excita¬ 
tion.  Several  detection  methods  are  schematically  rep¬ 
resented  in  Fig.  1;  their  characteristics  are  summarized 
in  Table  1.  Specific  features  of  the  methods  illustrat¬ 
ed  will  be  discussed  later.  For  now,  note  that  the  im¬ 
ages  obtained  on  a  given  sample  using  different  de¬ 
tection  methods  can  differ  radically  even  though  they 
are  initiated  by  the  same  temperature  change.  The  rea¬ 
son  lies  in  the  role  of  the  thermal  parameter  being  de¬ 
tected  and  its  effect  on  image  contrast.  The  issue  of 
image  contrast  is  basic  to  the  use  of  thermal  wave  im¬ 
aging  methods  as  quantitative  tools  for  materials  char¬ 
acterization  and  nondestructive  evaluation  of  mater¬ 
ials.  The  quantitative  interpretation  of  image  data  is 
currently  one  of  the  important  research  topics  in  the 
field. 
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Modulated 

heating 

beam 


Figure  1— Composite  sketch  summarizing  several  thermal 
wave  imaging  methods:  (1)  optical  beam  deflection,  (2)  reflec¬ 
tive  optical  beam  deflection,  (3)  infrared  radiometric,  (4)  ther¬ 
moelastic  (transducer  or  interferometric).  (Tq  is  the  gas 
temperature.) 

THEORETICAL  BACKGROUND 

For  an  elastic  solid  illuminated  by  a  modulated  ex¬ 
citation  source,  the  temperature  and  elastic  displace¬ 
ment  are  determined  by  the  two  coupled  thermoelastic 
equations,4 

V:r-cr'  dT/dt  =  -H/k  +  (T  0,B/k)  V  ■  3u /dt 

(I) 

V:u  +  (1  +  \/p)  V  (V  •  u)  -  {p/p)  d2u/dt2 

=  (0'B/fi)  V  T  ,  (2) 


where  T  is  the  temperature,  u  is  the  elastic  displace¬ 
ment  vector,  *  is  the  thermal  conductivity,  a  is  the  ther¬ 
mal  diffusivity,  0,  is  the  volume  thermal-expansion 
coefficient,  X  and  p  are  the  Lam6  constants,  p  is  the 
density,  and  B  is  the  bulk  modulus.  H  is  the  thermal 
source  term,  which  in  general  varies  throughout  the 
volume  of  the  specimen.  The  specific  form  that  //as¬ 
sumes  depends  on  the  source  and  the  nature  of  the 
beam-specimen  interaction.  (No  mechanical  source 
term  is  assumed.) 

Equation  1  is  the  heat  equation  that  governs  heat 
flow  within  the  sample.  The  final  term  on  the  right- 
hand  side  of  the  equation  represents  the  heat  produced 
by  elastic  motion  of  the  specimen;  in  many  cases,  it 
can  be  neglected.  With  that  term  omitted,  the  equa¬ 
tions  are  partly  decoupled,  and  the  specimen  temper¬ 
ature  can  be  found  by  solving  Eq.  1  alone  without 
knowledge  of  the  elastic  displacement  field.  Equation 
2,  on  the  other  hand,  is  the  thermoelastic  equation; 
therefore,  the  thermal  expansion  term  on  the  right- 
hand  side  is  the  only  source  term  present  and  cannot 
be  omitted.  Based  on  this  analysis,  the  dynamic  ther¬ 
mal  imaging  methods  represented  in  Fig.  1  can  be  di¬ 
vided  into  (a)  purely  thermal  imaging  methods  based 
exclusively  on  the  solution  to  Eq.  1  and  (b)  thermoe¬ 
lastic  methods  using  attached  transducer  detection  or 
interferometric  detection  based  on  Eq.  2.  Solution  of 
Eq.  2  assumes  that  solutions  of  Eq.  1  are  known. 

“THERMAL”  THERMAL  IMAGING 

A  complete  analysis  of  imaging  using  focused  laser 
or  particle  beams  requires  the  solution  of  Eq s.  1  and 
2.  For  purely  thermal  imaging,  however,  the  basic  phy¬ 
sical  principles  underlying  the  relationship  between 
modulated  temperature,  heat  flow,  and  materials  prop¬ 
erties  can  be  visualized  using  a  one-dimensional  mod¬ 
el.  In  one  dimension,  Eq.  1  becomes 


Table  1— Characteristics  of  thermal  wave  imaging  detection  methods. 

Mechanism  Detection 


Method 

Temperature 

monitored 

Major 

mechanism 

Diffusion 

dependent 

Type  of 
localization 

Scalar  or 

vector 

Effect 

measured 
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d2T/dz 2  -  a-'dT/dt  =  -H(z,1)/k  ,  (3) 

where  H(z,t)  =  H0  exp(-8z)  expO'ufl-  This  choice  of 
H  applies  to  the  specific  case  of  optical  or  laser  illu¬ 
mination  and  for  specimens  with  optical  absorption 
followed  by  a  rapid  conversion  to  heat.  Other  forms 
of  H  are  appropriate  for  ion  or  electron  beams  and 
for  samples  such  as  semiconductors  with  long  carrier 
lifetimes.  When  energy  storage  and  migration  occur 
outside  the  thermal  system,  the  analysis  must  also  be 
modified  to  include  these  effects.5,6 

Figure  2  shows  a  sample  specimen  mounted  on  a 
transparent  substrate,  with  its  top  face  in  contact  with 
air.  In  each  region,  a  is  constant.  Under  these  condi¬ 
tions,  the  surface  temperature  is 

5(86) 

T(z  = 0)  =  Ts  = 

K 

x  r__L_  +  2F  exP ( -2d/6 )  86  1 

L  1  +  j36  1  +  T  exp(-2d/5)  1  -/3262  J 

where  5  =  \a/j<a  is  the  complex  thermal  diffusion 
length  and 


describes  the  thermal  mismatch  with  the  substrate  at  the 
interface  (5  indicates  substrate).  Note  that  the  relative 
optical  absorption  spectra,  /3(A),  can  be  found  by  mea¬ 
suring  Ts  when  d/5  >  1  and  85  <  1.  In  this  case, 

Ts  =  (52/k)  /3(A)  .  (5) 

By  sweeping  through  a  range  of  excitation  beam 
wavelengths,  A,  an  optical  spectrum  can  be  obtained. 
Since  Eq.  5  is  valid  even  for  a  sample  with  no  light  trans¬ 
mission,  the  optical  spectra  of  opaque  materials  can  be 
obtained  as  well  as  the  spectra  of  other  materials  such 
as  gels,  pastes,  and  highly  scattering  materials  that  can- 


One  dimensional  excitation 


Region  1 


Boundary  is  a  model 
of  a  defect  at  depth  a 


k  *  Optical  absorption  coefficient 
B  m  Thermal  conductivity 
Region  2  C  •  Thermal  capacity 


Figure  2— Cross-sectional  view  of  layered  sample 
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not  be  studied  using  conventional  optical  techniques. 
This  is  the  basis  of  photoacoustic  spectroscopy. 

When  85  >  1  and  d/5  >  1,  Ts  =  5/k,  and  it  is  in¬ 
dependent  of  8 ■  In  this  ‘‘photoacoustic  saturation”  re¬ 
gime,  Ts  depends  principally  on  the  thermal  properties 
of  the  sample,  C  and  <c.  It  also  depends  on  microstruc- 
turai  features  such  as  cracks,  voids,  and  grain  bound¬ 
aries,  which  inhibit  heat  flow.  To  illustrate  this,  assume 
that  a  void  exists  at  z  =  d.  For  a  void,  ksCs  =  0  and 
T  =  -1.  If  the  sample  is  also  opaque,  (8d  >  1)  and 


T(z= 0)  =  Ts  =  *  [l 


2  exp (-2 d/6) 

1  -  exp(-2 d/5) 


As  is  apparent  in  Eq.  6,  the  presence  of  the  void  at 
z  =  d  affects  (1\z  =  0)  only  when  d/5  <  1 .  As  6  changes 
with  the  modulation  frequency,  oj,  it  is  possible  to  vary 
5/d  above  and  below  1  and  hence  to  change  Ts  based 
on  the  location  of  the  lower  boundary  layer.  This  is  an 
example  of  the  depth  profiling  ability  of  thermal  wave 
imaging.  Experimental  examples  of  depth  sensing  are 
presented  later.  Note  that  lateral  thermal  boundaries  as¬ 
sociated  with  surface  breaking  cracks  and  grain  boun¬ 
daries  can  show  effects  similar  to  those  discussed  here 
for  depth  profiling  when  a  focused  exciting  beam  is 
used.7  This  will  be  illustrated  later  for  grain  boundary 
contrast.  Also,  under  the  same  conditions, 


T(z)  =  -(86) 

K 


(-£ 
u  +  a 


i  +  re* 


l  -  (85)1 


1  -  (86V 2 

e;/6  -  e'z/4l'| 

1  -86  JJ 


if  8d  >  1 .  This  result  applies  to  thermoelastic  imaging 
experiments  where  bulk  temperature  is  important. 

THERMOELASTIC  IMAGING 
FUNDAMENTALS 

Two  thermal  wave  imaging  methods  designated  in  Fig. 
1  use  piezoelectric  transducers  or  optical  interferometers 
to  detect  specimen  strain  produced  by  modulated  ther¬ 
mal  expansion.  This  process  is  described  in  principle  by 
the  solution  of  Eq.  2  for  the  displacement  u(r,/),  as¬ 
suming  that  T  is  known  from  Eq.  1  and  that  appropri¬ 
ate  elastic  boundary  conditions  are  also  known.  This 
problem  has  not  been  solved  for  the  general  case  of  con¬ 
tinuous  wave  excitation.  However,  some  analysis  is  avail¬ 
able  in  special  cases. 

Certain  features  of  the  problem  are  immediately  evi¬ 
dent.  First,  the  elastic  displacement,  u(r,r),  depends  on 
the  elastic  properties  and  structure  of  the  specimen  as 
well  as  on  thermal  properties.  The  relative  importance 
of  thermal  and  elastic  contrast  mechanisms  in  the  im¬ 
age  formation  process  is  an  important  current  topic  for 
study.  Second,  elastic  waves  are  generated  throughout 
the  sample  wherever  temperature  gradients  exist.  These 
waves  propagate  to  the  surface  with  little  differential 
phase  delay,  since  the  wavelength  of  sound  waves  is 
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longer  than  the  sample  size  for  the  modulation  frequen¬ 
cies  used  for  thermal  wave  imaging.  Hence,  the  source 
of  the  elastic  effects  measured  by  the  piezoelectric  trans¬ 
ducer  or  interferometric  detector  is  that  portion  of  the 
sample  volume  where  the  modulated  temperature  is 
large. 

Thermoelastic  imaging  can  also  detea  a  buried  layer 
in  an  opaque  specimen.  Both  7\z)  and  7T[z  =  0)  depend 
on  the  layer  depth,  d,  in  Fig.  2  by  means  of  Eqs.  4  and 
7.  The  bulk  temperature  is  more  sensitive  to  the  pres¬ 
ence  of  the  buried  subsurface  layer  than  the  more  dis¬ 
tant  surface  temperature,  Ts;  hence  we  should  expea 
thermoelastic  imaging  to  show  greater  sensitivity  to  sub¬ 
surface  objeas  then  purely  thermal  imaging.  This  ex- 
peaation  has  been  confirmed. 

After  generation,  the  acoustic  wave  propagates 
through  the  sample  and  is  refleaed  by  elastic  bound¬ 
aries  and  interfaces.  This  elastic  microstructure  contrib¬ 
utes  to  the  image  contrast  in  addition  to  the  thermal 
microstruaure.  In  faa,  thermoelastic  imaging  has  been 
compared  in  some  of  its  features  to  high-frequency 
( >  400  kilohertz)  acoustic  miaoscopy  where  only  elas¬ 
tic  contrast  is  present.8  The  detail  revealed  in  the  im¬ 
ages  makes  this  a  potentially  powerful  method  if  a  de¬ 
tailed  analysis  can  be  developed  to  obtain  quantitative 
data  about  specimen  properties. 

OVERVIEW  OF  IMAGING  METHODS 

Table  1  summarizes  some  of  the  deteaion  methods 
used  for  thermal  wave  imaging.  The  three  major  ther¬ 
mal  methods— photoacoustic,  optical  beam  defleaion, 
and  infrared  imaging — measure  different  specimen  pa¬ 
rameters  but  ultimately  monitor  Ts,  the  specimen  sur¬ 
face  temperature.  The  types  of  localization  possible  with 
the  three  methods  differ.  The  photoacoustic  technique 
measures  the  temperature  integrated  over  the  entire  speci¬ 
men  surface,  with  localization  being  entirely  dependent 
on  the  use  of  a  localized  excitation  source  such  as  a  fo¬ 


cused  laser  or  particle  beam.  The  optical  beam  deflec¬ 
tion  technique  measures  components  of  the  temperature 
field  along  the  path  of  the  probe  rays,  a  process  discussed 
in  more  detail  in  the  following  section.  The  infrared  tech¬ 
nique  is  in  principle  a  point  technique,  while  in  practice 
it  measures  infrared  emission  over  a  small  region  of  the 
sample.  All  three  have  approximately  equal  sensitivity 
in  that  they  can  detea  modulated  temperature  changes 
of  10~3oC  or  less. 

Figure  3  shows  the  optical  beam  defleaion  process  in 
greater  detail  and  the  temperature  pattern  produced  in 
the  gas  layer  in  thermal  contaa  with  the  specimen.  The 
probe  laser  beam  passes  through  the  temperature  region 
somewhat  off  the  center  of  the  exciting  beam  and  is 
defleaed  by  the  time-modulated  thermal  lens  produced 
by  the  thermally  induced  index  of  refraaion  gradient  in 
the  air  above  the  sample  surface.  The  beam  defleaion 
can  be  decomposed  into  components  normal  or  trans¬ 
verse  to  the  sample  surface.  The  normal  component  is 
maximum  when  the  probe  and  exciting  beams  intersea 
and  has  been  shown  to  be  proportional  to  the  sample 
surface  temperature.9  The  transverse  component,  on 
the  other  hand,  is  null  when  the  probe  and  excitation 
beams  intersect,  reversing  sign  at  that  point.  This  com¬ 
ponent  has  been  shown  to  be  proportional  to  the  speci¬ 
men  temperature  gradient  perpendicular  to  the  probe  ray 
in  the  plane  of  the  sample.  The  transverse  optical  beam 
defleaion  signal  is  particularly  useful  in  studying  sam¬ 
ple  heterogeneity.  For  a  radially  symmetric  source  and 
a  homogeneous  sample,  the  surface  temperature  is  sym¬ 
metric,  and  the  transverse  signal  is  null  when  the  probe 
and  excitation  beams  intersea.  However,  a  thermal 
boundary  in  the  plane  of  the  specimen  breaks  the  ther¬ 
mal  symmetry  and  causes  the  transverse  deflection  near 
the  boundary  to  appear  as  a  signal  against  a  null  back¬ 
ground. 

The  variant  of  the  optical  beam  deflection  process  la¬ 
beled  2  in  Fig.  1  (the  reflective  optical  beam  defleaion) 


Figure  3— Schematic  of  the  optical 
beam  deflection  imaging  method 
showing  the  two  deflection  compo¬ 
nents  mentioned  in  the  text. 
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has  elements  of  both  thermal  and  thermoelastic  imag¬ 
ing.  In  this  method,  the  probe  beam  strikes  the  sample 
and  is  reflected.  The  ray  path  of  the  reflected  ray  is 
deviated  by  the  thermal  lens  as  in  optical  beam  deflec¬ 
tion  imaging  and  also  by  the  thermoelastically  induced 
curvature  of  the  surface. 

The  thermoelastic  imaging  methods  measure  specimen 
elastic  response  at  points  away  from  the  point  where 
heating  occurs.  The  delay  time  for  elastic  wave  propa¬ 
gation  from  source  to  detector  is  much  faster  than  ther¬ 
mal  diffusion  times.  Hence,  the  range  of  modulation 
frequencies  that  can  be  used  in  thermoelastic  experiments 
(20  <  /  <  106  hertz)  is  much  greater  than  in  optical 
beam  deflection  and  other  thermal  imaging  (20  <  /  < 
104  hertz).  The  image  formation  time  for  thermoelas¬ 
tic  imaging  is  shorter  than  purely  thermal  imaging;  in 
addition,  some  improvement  in  resolution  is  possible  be¬ 
cause  of  the  smaller  values  of  5  and  the  resultant  reduced 
lateral  thermal  spreading. 

EXPERIMENTAL  THERMAL  IMAGING 

Figure  4  shows  a  system  used  to  obtain  simultaneous 
optical  beam  deflection  and  piezoelectric  transducer  im¬ 
ages.  The  acousto-optic  modulator  allows  amplitude  and 
position  modulation  of  the  beam  from  the  argon  laser. 
For  the  ordinary  case  of  harmonic  modulation,  the  mag¬ 
nitude  and  phase  of  both  detected  signals  are  available 
from  the  lock-in  amplifier  for  imaging.  When  thermal 
effects  are  important,  the  phase  signal  offers  the  advan¬ 
tage  that  incidental  changes  in  specimen  reflectivity  do 
not  contribute  to  the  measured  signal  and  that  phase  de¬ 
lays  associated  with  thermal  diffusion  can  be  measured 
directly.  Sample  motion  using  a  computer-controlled 
x-y  stage  allows  scanning  of  the  exciting  beam  relative 
to  the  sample.  The  probe  beam  retains  a  fixed  position 
relative  to  the  exciting  beam  in  this  configuration.  The 
experiment  was  designed  to  explore  differences  in  im¬ 
age  contrast  between  the  two  methods.  Since  optical 
beam  deflection  detection  is  thermal  while  piezoelectric 
transducer  detection  is  thermoelastic,  the  images  should 
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show  characteristic  differences  if  elastic  contrast  effects 
are  important. 

Figure  5  shows  optical  beam  deflection  and  piezoe¬ 
lectric  transducer  magnitude  images  of  a  sample  of  the 
aluminum  alloy  2024-T.10  The  specimen  was  fabricat¬ 
ed  to  study  the  effect  of  lateral  thermal  impedance  on 
image  contrast.  Two  aluminum  sections  were  cut, 
lapped,  polished,  and  then  joined  along  their  polished 
faces  by  clamping.  The  top  and  bottom  faces  that  con¬ 
tained  the  line  of  joining  were  also  polished  so  that  (ex¬ 
cept  at  the  specimen  edges)  the  joint  was  not  seen  in  a 
standard  normal  incidence  image  taken  with  a  scanning 
electron  microscope.  The  width  of  the  joined  region  es¬ 
timated  from  scanning  electron  microscope  images  at  the 
sample  edges  was  approximately  2  micrometers. 

Most  features  seen  in  the  normal  optical  beam  deflec¬ 
tion  image  (Fig.  5c)  and  the  piezoelectric  transducer  im¬ 
age  (Fig.  5d)  are  metallic  inclusions  formed  of  elements 
present  in  the  alloy.  The  close  similarity  of  the  two  im¬ 
ages  suggests  that  elastic  contrast  is  unimportant  for 
this  experimental  condition.  The  inclusions  are  less  evi¬ 
dent  in  the  transverse  amplitude  image  (Fig.  5a)  and 
absent  in  the  transverse  phase  image  (Fig.  5b).  The  im¬ 
ages  suggest  that  the  inclusions  are  thermally  coupled 
to  the  matrix,  since  little  phase  delay  occurs.  Other  alu¬ 
minum  alloy  specimens,  especially  those  where  fatigue 
processes  have  occurred,  show  large  phase  contrast  at 
inclusions,  presumably  because  of  inclusion-matrix  dis¬ 
bonding  and  poor  thermal  contact.  A  second  conclu¬ 
sion  is  that  the  interface  is  made  visible  in  the  transverse 
deflection  images  because  it  inhibits  thermal  flow  and 
influences  the  component  of  the  temperature  gradient 
perpendicular  to  the  boundary.  The  scalar  temperature 
images  show  no  evidence  of  a  boundary. 

In  a  related  experiment,  cracks  produced  in  notched 
tensile  specimens  of  a  naval  aluminum  alloy  by  tensile 
loading  were  studied.  In  regions  where  incomplete  clo¬ 
sure  of  the  crack  occurred,  both  normal  and  transverse 
components  were  seen;  but  where  closure  occurred,  only 
the  transverse  component  showed  the  presence  of  the 


Figure  4— Block  diagram  of  laser 
source  optical  beam  deflection  and 
acoustic  imaging  system. 
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Figure  S— Contour  images  of  a 
fabricated  crack  sample:  (a)  trans¬ 
verse  magnitude,  (b)  transverse 
phase,  (c)  normal  magnitude,  and 
(d)  piezoelectric  transducer  magni¬ 
tude.  Inclusions  are  seen  in  (a),  (c), 
and  (d)  and  the  crack  only  in  (a)  and 
(b),  as  discussed  in  the  text. 
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thermal  boundary.  This  is  consistent  with  the  results  ob¬ 
tained  on  the  fabricated  sample.  In  addition,  some  evi¬ 
dence  of  a  plastic  zone  ahead  of  the  crack  tip  was  seen. 
This  region  is  predicted  by  the  theory  of  fracture 
mechanics;  it  is  important  for  studies  of  the  mechan¬ 
isms  of  crack  advance  and,  hence,  failure  of  materials. 

Another  example,  which  compares  piezoelectric  trans¬ 
ducer  and  optical  beam  deflection  imaging  and  shows 
some  of  the  depth-sensing  abilities  of  these  methods,  ap¬ 
pears  in  Fig.  6.  The  sample  was  an  aluminum  cylinder 
containing  a  1 -millimeter  hole  drilled  subsurface  at  an 
angle  of  15  degrees  to  the  surface  so  that  the  depth  of 
the  hole  varied  with  location  on  the  sample.  No  evidence 
of  the  hole  was  present  on  the  illuminated  sample  sur¬ 
face.  Each  line  scan  crossed  the  centerline  of  the  buried 
hole  at  a  different  depth.  The  signal  decreased  approxi¬ 
mately  exponentially  with  hole  depth  for  both  optical 
beam  deflection  and  piezoelectric  transducer  imaging. 
However,  the  exponential  constant  was  approximately 
one  thermal  diffusion  length  for  optical  beam  deflection 
imaging  and  two  thermal  diffusion  lengths  for  piezoe¬ 
lectric  transducer  detection.  These  results  are  consistent 
with  the  analysis,  which  showed  that  optical  beam  deflec¬ 
tion  images  are  proportional  to  Ts,  while  piezoelectric 
transducer  images  sense  a  portion  of  the  volume  tem¬ 
perature  Field.  The  sample  will  be  discussed  again  later 
in  connection  with  electron  beam  and  ion  excitation. 

ELECTRON  AND  ION  EXCITATION 
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Figure  6— Laser  acoustic  and  laser  optical  beam  deflection 
line  scans  of  the  slant  hole  sample. 


Electron  and  ion  beams  can  be  used  as  thermal  im¬ 
aging  sources.  Figure  7  is  a  block  diagram  of  the  in¬ 


strumentation  used  for  these  studies.  The  electron  source 
is  a  modified  ETEC  scanning  electron  microscope,  where 
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beam  blanking  plates  have  been  installed  in  the  electron 
column  to  modulate  the  beam  current.  With  this  modifi¬ 
cation  and  a  piezoelectric  transducer  detector  attached 
to  the  specimen,  it  becomes  a  scanning  electron  acous¬ 
tic  microscope.  The  ion  imager  is  a  modified  scanning 
ion  mass  spectrometer  that  also  uses  electrostatic  beam 
blanking  plates  for  modulation.  In  both  cases,  a  piezoe¬ 
lectric  transducer  is  used  for  detection. 

Depth  Profiling/Contrast  Mechanisms 
in  Aluminum 

Figure  8  is  a  scanning  electron  acoustic  microscope 
image  of  the  slant  hole  sample  described  in  the  previ¬ 
ous  sectior  obtained  at  =70  kilohertz.11  For  refer¬ 
ence,  line  obtained  using  a  laser  source  at  the 
same  modulation  frequency  are  also  shown.  Because 
the  modulation  frequency  is  much  higher  than  in  the 
prior  data,  the  thermal  diffusion  length  is  proportion¬ 
ately  smaller. 

In  the  electron  image,  D  represents  the  depth  of  the 
hole.  Two  regions  are  seen.  Near  the  top  of  the  image, 
D  <  6,  and  thermal  contrast  dominates  the  image,  which 
shows  the  interaction  of  the  modulated  temperature  with 
the  hole.  However,  at  the  bottom  of  the  figure,  where 
D  >  >  5,  contrast  due  to  the  hole  is  still  seen.  The  con¬ 
trast  cannot  be  thermal.  Instead,  it  is  likely  that  this  re¬ 
gion  demonstrates  the  role  of  elastic  contrast  in  image 
formation.  Both  ion  and  electron  sources  give  virtually 
the  same  results.  The  similarity  of  the  electron  and  laser 
scans  suggests  that  for  metals  such  as  aluminum,  ther¬ 
moelastic  signal  generation  processes  dominate  and  other 
nonthermal  beam-specimen  interactions  are  relatively 
unimportant. 


Figure  7— Block  diagram  of  electron  or  ion  acoustic  detec¬ 
tion  system  showing  simultaneous  detection  of  specimen 
current. 


Grain  Structure 

Comparative  scanning  electron  microscopy  and  scan¬ 
ning  electron  acoustic  microscope  experiments  show  that 
grain  boundary  structure  can  be  observed  in  metals.  Fig¬ 
ure  9  shows  a  polycrystalline  aluminum  sample.  The 
scanning  electron  microscope  image  is  on  the  left,  and 
the  scanning  electron  acoustic  microscope  image  is  on 
the  right.  The  contrast  mechanisms  are  clearly  differ- 


Seam 

78.17  kHz,  magnitude 


Laser  acoustic 
77.4  kHz,  magnitude 


Image  Line  scans 


Figure  8— Electron  acoustic  image  and  line  scans  of  slant  hole  sample.  Laser  acoustic  line  scans  are  also  seen  Particle 
and  laser  excitation  yields  similar  specimen  response. 
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Figure  10— Grain  boundary  images  of  aluminum  grains  as  a  function  of  modulation  frequency.  The  width  varies  as  1/  v« 


ent.  Even  within  the  scanning  electron  acoustic  micro¬ 
scope  image,  it  is  possible  to  distinguish  between  contrast 
that  occurs  at  the  grain  boundary  and  contrast  that  oc¬ 
curs  between  grains.  Considering  only  contrast  at  grain 
boundaries,  Fig.  10  shows  scanning  electron  acoustic 
microscope  images  at  various  modulation  frequencies, 
and  Fig.  11  shows  the  dependence  of  the  apparent 
boundary  width  on  modulation  frequency.  This  width 
varies  as  1/  vw  ,  a  result  consistent  with  the  depen¬ 
dence  expected  for  thermal  contrast  mechanisms  where 
the  thermal  diffusion  length  |6|  =  V  2a/u  .  Figure 
12  is  an  overlay  of  scanning  electron  acoustic  micro¬ 
scope  line  scans  on  a  scanning  electron  microscope  im¬ 
age  taken  at  Fixed  modulation  frequency.  On  the 
right-hand  side  of  the  boundary,  the  amplitude  of  the 
scanning  electron  acoustic  microscope  signal  varies  ex¬ 
ponentially  with  distance  at  a  rate  consistent  with  the 
modulation  frequency.  The  picture  relates  features  of 
the  line  scans  of  the  scanning  electron  acoustic  micro¬ 
scope  with  the  grain  boundary  shown  by  the  scanning 
electron  microscope. 


Figure  11— Plot  of  grain  boundary  width  versus  1  /Vu  .  The 
solid  line  is  the  thermal  diffusion  length  of  aluminum  calcu¬ 
lated  using  a  diffusivity,  a,  of  t  square  centimeter  per  second. 
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The  origin  of  the  interior  contrast  within  the  grain 
is  still  an  open  question.  In  this  specimen  of  pure  alu¬ 
minum,  impurity  segregation  at  the  boundary  and 
within  grains  should  be  absent.  (This  was  confirmed 
with  electron-induced  energy-dispersive  X-ray  analy¬ 
sis  of  this  sample.  X-ray  topographic  studies  of  mi¬ 
crostructure  near  the  boundary  were  made  using  the 
Brookhaven  synchrotron.)  Possible  sources  of  contrast 
include  anisotropic  elastic  effects  and  symmetry-low¬ 
ering  internal  stresses  within  grains  in  combination 
with  thermally  generated  acoustic  waves. 

Particle  Beam  Contrast 

Figures  13  and  14  suggest  that  the  thermoelastic  sig¬ 
nal  generation  process  is  important  for  particle  beam 
acoustic  generation  using  argon  ions.  Figure  13  shows 
line  scans  taken  using  beams  of  argon  ions  at  a  fixed 
modulation  frequency  and  various  hole  depths  using 
the  sample  of  Figs.  7  and  8.  Line  scans  made  using 
all  three  sources  (ion,  electron,  and  laser)  closely  re¬ 
semble  one  another  when  account  is  taken  of  the  dif¬ 
ferent  frequencies  used.  Figure  14  shows  similar  data 
obtained  for  ions  at  a  fixed  hole  depth  and  several  fre¬ 
quencies.  Again  the  profiles  show  an  approximate 
1/  Vcj  dependence,  indicating  that  thermal  diffusion 
effects  dominate  the  contrast.  These  experiments  sug¬ 
gest  that  thermoelastic  processes  control  acoustic  sig¬ 
nal  generation  for  low  ion  beam  voltages  and  low  mod¬ 
ulation  frequencies. 

BEAM-SPECIMEN  CONTRAST 

Interaction  between  the  exciting  beam  and  the  speci¬ 
men  can  give  rise  to  image  contrast  and  depth  profil¬ 
ing.  Figure  15  shows  scanning  electron  microscope  and 
scanning  electron  acoustic  microscope  images  of  an 
area  of  an  integrated  circuit  at  two  values  of  primary 
beam  voltage,  VB.  For  VB  =  5  kilovolts,  the  scan¬ 
ning  electron  microscope  and  scanning  electron  acous¬ 
tic  microscope  images  are  essentially  the  same  and 
show  the  surface  features  of  the  device,  including  areas 
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Figure  13—  Ion  acoustic  profiles  for  a  slant  hole  sample  at 
various  depths  and  at  4.1  kilohertz. 


of  metallization.  Minor  differences  are  related  to  elec¬ 
tron  penetration  of  an  ink  layer  covering  a  portion  of 
the  chip.  On  the  other  hand,  the  30-kilovolt  scanning 
electron  microscope  and  scanning  electron  acoustic 
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Figure  14— Ion  acoustic  profiles  for  a  sample  containing  a 
subsurface  slant  hole.  At  low  frequencies,  thermal  interac¬ 
tion  with  the  hole  causes  a  signal  increase.  At  high  frequen¬ 
cies,  the  signal  generation  process  is  still  thermal,  but  the 
contrast  interaction  is  nonthermal. 


microscope  images  are  entirely  different.  The  scanning 
electron  acoustic  microscope  image  shows  little  sur¬ 
face  structure  but  strong  contrast  associated  with  a 
buried  subsurface  structure. 

A  second  related  example  is  shown  in  Fig.  16,  where 
a  scanning  electron  microscope  image  and  scanning 
electron  acoustic  microscope  magnitude  and  phase  im¬ 
ages  of  another  integrated  circuit  are  shown.  The  im¬ 
ages  presented  are  of  the  same  section  of  the  integrated 
circuits.  Again,  the  scanning  electron  acoustic  micro¬ 
scope  images  show  subsurface  features  not  visible  in 
the  scanning  electron  microscope  image.  These  are 
thought  to  be  related  to  the  range  of  electron  penetra¬ 
tion  into  the  sample,  followed  by  selective  interaction 
with  different  dopant  regions  present.  Studies  of  the 
dependence  of  the  scanning  electron  acoustic  micro¬ 
scope  images  on  VB  and  w  show  that  at  low  primary 
voltages  (Kfl  s  5  kilovolts)  the  scanning  electron 
microscope  and  scanning  electron  acoustic  microscope 
images  are  equivalent.  As  VB  increases,  the  images 
begin  to  differ,  and  a  sequence  of  scanning  electron 
acoustic  microscope  images  becomes  visible  as  the  pri¬ 
mary  voltage  is  increased.  These  may  correspond  to 
successive  layers  within  the  chip.  Some  lateral  resolu¬ 


tion  in  the  images  is  lost  by  thermal  spreading.  Com¬ 
parison  of  images  at  10  kilohertz  with  images  at  400 
kilohertz  shows  less  image  definition  at  the  lower  fre¬ 
quency.  The  result  is  consistent  with  an  increased  ther¬ 
mal  diffusion  length  at  the  lower  frequency.  However, 
the  image  features  remain  the  same,  indicating  that  the 
depth  profiling  is  not  the  thermal  diffusion  length  pro¬ 
filing  discussed  previously;  instead,  it  depends  on  the 
depth  in  the  sample  where  energy  is  deposited.  This 
presents  a  number  of  unresolved  questions  for  the  pres¬ 
ent  understanding  of  the  origin  of  the  very  strong  con¬ 
trast  in  Fig.  16.  The  role  of  carrier  diffusion  effects 
on  the  image  must  be  clarified  as  well  as  the  presence 
of  a  direct  electron-lattice  mechanism  for  stress  gener¬ 
ation.  Also,  the  energy  loss  with  depth  in  semiconduc¬ 
tors  must  be  re-evaluated. 

Ion  acoustic  imaging  is  another  area  where  nonther¬ 
mal  signal  generation  and  image  contrast  processes 
may  exist."  Some  evidence  was  presented  showing 
that  the  thermoelastic  process  is  important  at  low  fre¬ 
quencies.  However,  ion  interactions  with  solids  are 
known  to  cause  a  wide  variety  of  nonthermal  effects, 
including  both  sputtering  and  ion  implantation  in  semi¬ 
conductors  and  metals.1213  These  processes  are  im¬ 
portant  for  materials  processing  and  for  analysis. 
Studies  of  ion  acoustic  imaging  have  been  conducted 
in  order  to  help  understand  these  processes  better. 

Sputtering  is  a  complex  process  in  which  bombard¬ 
ment  of  a  solid  with  energetic  ions  causes  erosion  of 
the  surface  of  the  solid  and  substantial  surface  and 
subsurface  damage  to  the  remaining  material.  Sever¬ 
al  mechanisms  for  sputtering  have  been  suggested,  in¬ 
cluding  momentum  transfer  and  thermal  evaporation 
from  regions  having  very  high  excess  temperatures  gen¬ 
erated  by  ion-solid  interactions.  Most  current  thought 
favors  the  momentum  process. 

We  have  investigated  this  issue  using  ion  acoustic 
imaging  with  the  energetic  rare  gas  ions  (neon,  argon, 
and  xenon)  of  known  primary  energy  to  induce  sput¬ 
tering  in  several  metals  and  nonmetals.  Two  types  of 
studies  were  conducted.  For  each  ion  type,  measure¬ 
ments  were  made  of  the  acoustic  signal  as  a  function 
of  primary  beam  voltage.  Since  the  ratio  of  beam  mo¬ 
mentum  to  beam  energy  varies  with  voltage,  the  ratio 
of  the  thermoelastic  signal  (which  is  energy  related) 
to  a  possible  momentum  transfer  signal  (which  de¬ 
pends  on  momentum)  should  also  vary  with  beam 
voltage. 

Figure  17  shows  some  of  the  results  of  this  study. 
At  fixed  beam  voltage  and  variable  beam  current,  the 
acoustic  signal  has  a  linear  dependence  on  beam  ener¬ 
gy.  However,  at  fixed  current  and  variable  voltage,  the 
dependence  deviates  from  linearity  in  the  direction 
predicted  by  a  momentum  contribution  to  the  acous¬ 
tic  signal.  This  result  is  called  into  question,  however, 
by  results  obtained  using  different  ions  with  different 
masses.  For  the  same  beam  energy,  a  marked  differ¬ 
ence  should  exist  in  the  acoustic  signal  generated  by 
ions  of  different  masses  if  the  momentum  transfer  is 
an  important  generation  process.  No  such  difference 
was  found,  and  the  puzzie  is  still  being  studied. 
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Figure  15— Scanning  electron  and 
electron  acoustic  images  at  two  pri¬ 
mary  beam  voltages  showing  beam 
specimen  contrast. 
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Figure  18— Scanning  electron  microscope  and  scanning  electron  acoustic  microscope  magnitude  and  phase  images  of  a 
complementary  metal  oxide  semiconductor  chip.  Subsurface  structure  is  apparent. 
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Figure  17— Dependence  of  ion  acoustic  signal  on  beam  cur¬ 
rent  (a)  and  on  beam  voltage  (b). 


CONCLUSION 

The  limited  scope  of  this  article  does  not  reveal  the 
broad  range  of  physical  problems  that  have  been  stud¬ 
ied  using  photothermal  techniques.  Photothermal  tech¬ 
niques  can  often  be  used  in  situ,  allowing  application 
to  biological  systems  and  other  physical  systems  that 
must  be  measured  in  process.  A  brief  list  of  recent 
work  includes  topics  such  as  the  curing  of  epoxy,  prop¬ 
erties  of  photosynthetic  pigments,  oxygen  evolution 
in  leaves  and  dynamics  of  the  photosynthetic  process, 
phase  transitions,  thickness  of  sprayed  coatings,  hydra¬ 
tion  of  human  stratum  comeium  (a  component  of 
skin),  malarial  parasites,  metastable  electron  states  of 


dye  molecules,  densification  of  ceramics,  and  fiber- 
matrix  bonding  in  composites.  The  ability  to  image 
while  making  quantitative  measurements  of  materials 
properties  will  be  a  significant  factor  in  further  de¬ 
velopments  in  the  field.  However,  for  thermal  wave 
imaging  to  become  a  basic  and  routine  tool  for  materi¬ 
als  analysis  and  processing,  it  is  necessary  to  under¬ 
stand  the  basic  processes  involved.  This  begins  with 
an  understanding  of  beam-specimen  interactions  and 
continues  through  an  understanding  of  the  process  of 
thermalization  and  detection. 

Substantial  progress  has  been  made  in  this  direction, 
but  more  is  required  to  meet  the  minimum  needs  of 
the  applications  that  are  possible.  At  the  present  time, 
the  imaging  process  and  the  underlying  contrast  me¬ 
chanisms  of  optical  beam  deflection  and  infrared  im¬ 
aging  methods  are  best  understood.  Some  progress  has 
been  made  in  understanding  various  aspects  of  ther¬ 
moelastic  imaging  using  a  laser  source,  but  substan¬ 
tial  uncertainty  exists  regarding  the  role  of  elastic 
contrast  in  overall  image  contrast.  To  make  thermal 
wave  imaging  a  quantitative  tool  for  analyzing  materi¬ 
als,  it  is  necessary  to  resolve  these  issues. 
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ABSTRACT 


The  complex  heat  flow  pattern  In  a  heterogeneous  sample  makes 
the  thermal  analysis  of  these  materials  difficult.  In  this  paper, 
we  consider  heterogeneous  materials  with  continuously  varying 
parameters  in  one  dimension.  While  this  analysis  is  directed 
toward  photothermal  applications,  specifically  toward  photothermal 
applications  using  broad  beam  illumination,  it  has  many  features 
in  common  with  general  harmonic  heat  flow. 

The  analysis  shows  that  harmonic  heat  flow  is  interrupted  by 
spatial  variations  in  the  sample's  thermal  and  optical  properties 
via  two  different  types  of  heat  barriers,  one  depending  exclus¬ 
ively  on  thermal  properties  (thermal  barriers)  and  the  other 
depending  upon  both  optical  and  thermal  properties  (opto/thermal 
barriers).  Thermal  barriers  are  created  by  spatial  variations  in 
thermal  effusivity  while  the  opto/thermal  barriers  are  created  by 
spatial  variations  in  the  ratio  of  the  thermal  diffusion  length  to 
the  optical  absorption  length.  The  character  of  the  opto/thermal 
barriers  is  affected  by  optical  saturation  in  the  sample. 

The  temperature  distribution  in  a  heterogeneous  sample  is 
interpreted  in  terms  of  thermal  waves  providing  an  intuitive  guide 
for  analyzing  heat  flow  in  heterogeneous  materials. 

The  surface  temperature  is  also  obtained  in  a  general  form 
suitable  for  both  heterogeneous  and  homogeneous  calculations. 


INTRODUCTION 


The  rapid  growth  of  photothermal  and  photoacoustic  spectro¬ 
scopy  and  imaging  has  created  an  interest  in  periodic  heat  flow  in 
materials.  In  photothermal  applications,  where  a  sample  is 
periodically  heated  by  light  (or  some  other  energy  source  such  as 
an  electron  beam),  a  periodic  heat  flow  pattern  is  established 
which  depends  upon  the  sample's  optical,  thermal,  and  geometric 
properties,  and  is  distorted  by  the  presence  of  defects  and  flaws. 
Consequently  a  knowledge  of  the  temperature  distribution  provides 
information  about  each  of  these  factors. 

A  variety  of  techniques  can  be  used  to  study  this  temperature 
pattern  including  detection  of  pressure  variations  produced  therm¬ 
ally  in  a  gas  cell (1,2),  detection  of  infrared  radiation(3,4) , 
detection  of  thermally  induced  surface  displacement^) ,  detection 
of  thermally  generated  elastic  waves(6),  and  detection  of  a  therm¬ 
ally  generated  index  of  refraction  gradient  in  a  sample  or  in  a 
fluid  in  thermal  contact  with  the  sample(7-9). 

While  each  of  these  methods  utilizes  a  different  thermal ly- 
dependent  phenomena,  all  of  them  depend  upon  the  modulated  temper¬ 
ature  pattern  produced  within  or  on  the  surface  of  the  sample.  To 
relate  this  data  to  sample  properties,  two  steps  are  required. 
First,  the  experimental  signal  (pressure,  displacement,  deflec¬ 
tion,  etc.)  must  be  related  to  the  sample  temperature,  and  then 
the  observed  temperature  pattern  must  be  related  to  the  thermal, 
optical,  and  geometric  properties  of  the  material.  In  this  paper 


we  consider  only  the  second  step,  the  dependence  of  the  harmonic 
temperature  on  the  thermal  and  optical  properties  of  the  sample. 

In  general,  heterogeneous  materials  have  received  little 
theoretical  attention  in  photothermal  applications  because  of 
their  complicated  heat  flow  patterns.  In  this  paper  we  consider 
heterogeneous  materials  whose  thermal  and  optical  properties  vary 
spatially  in  one  dimension.  These  materials  are  of  interest  both 
scientifically  and  technologically.  Materials  in  this  category 
include  thin  films  on  planar  surfaces,  layered  samples,  materials 
fabricated  by  deposition,  and  samples  with  impurities  that  vary 
predominantly  with  depth  in  the  sample.  We  consider  planar 
samples  with  no  discrete  flaws  or  discontinuities  and  assume  that 
the  excitation  beam  and  cross  sectional  area  of  the  sample  (per¬ 
pendicular  to  the  heterogeneous  dimension)  are  large  enough  so 
that  heat  flow  is  essentially  one  dimensional.  Although  this 
solution  is  for  a  special  geometric  case,  it  contains  many 
features  of  general  harmonic  heat  flow. 

HETEROGENEITY  IN  PHOTOTHERMAL  MEASUREMENTS 

In  photoacoustic  and  photothermal  spectroscopic  studies,  the 
sample  is  assumed  to  be  thermally  homogeneous  so  that  changes  in 
the  photothermal  signal  are  attributable  to  changes  in  the  optical 
absorption  constant.  Thermal  properties  merely  provide  the  "ther¬ 
mal  environment"  in  which  these  changes  are  manifest,  and  thus 
only  parametrical ly  affect  the  result. 


In  spectroscopic  measurements,  the  presence  of  thermal 
heterogeneity  usually  degrades  the  quality  of  the  experimental 
result.  For  small  heterogeneities,  an  uncertainty  is  introduced 
in  the  value  of  the  thermal  parameters,  and  for  more  significant 
heterogeneities,  the  temperature  pattern  may  be  altered  so  as  to 
make  the  application  of  simple  theory  questionable.  On  the  other 
hand,  spatial  optical  heterogeneity  is  of  interest,  and  in  some 
spectroscopic  studies,  such  as  those  involving  depth  probing,  it 
may  be  central  to  the  study. 

By  contrast,  the  object  of  photothermal  imaging  is  to  locate 
thermal  heterogeneities  within  and  on  the  surface  of  the  sample 
and  interprete  their  significance.  This  includes  the  study  of 
homogeneous  media  with  localized  defects  where  the  sample  and 
defect  can  be  viewed  as  a  single  entity,  and  the  defect  considered 
to  be  a  special  type  of  heterogeneity  characterized  by  a  spatially 
abrupt  change  in  thermal  and/or  optical  properties. 

Different  demands  can  be  placed  on  photothermal  imaging.  A 
detailed  knowledge  of  the  relationship  between  the  photothermal 
signal  and  sample  properties  is  not  needed  if  a  sample  is  merely 
compared  with  a  reference  sample  and  accepted  or  rejected  depend¬ 
ing  upon  the  absence  or  presence  of  significant  differences.  On 
the  other  hand,  if  a  particular  thermo/optical  property  is  being 
studied,  it  is  essential  that  the  relationship  between  the  photo¬ 
thermal  signal  and  thermo/optical  properties  of  the  sample  be 
known.  Such  studies  might  involve  monitoring  changes  in  a 
parameter  associated  with  the  aging  of  a  sample  or  investigating 
changes  that  might  indicate  incipient  flaw  formation,  etc. 


APPROACH 


The  complexity  of  heterogeneous  heat  flow  necessitates  a  con¬ 
sideration  of  special  cases.  In  reference  10,  heterogeneous 
materials  having  local  homogeneity  were  considered,  where  thermal 
and  optical  properties  varied  slowly  compared  with  a  thermal 
diffusion  length.  In  this  approximation,  a  three-dimensional 
calculation  was  possible,  but  abrupt  spatial  changes  in  sample 
properties  could  not  be  studied. 

In  this  paper  we  consider  samples  with  planer  surfaces  and 
one-dimensional  heterogeneities.  The  simple  form  of  the  temper¬ 
ature  distribution  and  boundary  conditions  in  one-dimension  make 
it  possible  to  obtain  an  exact  solution  with  minimal  limitations. 

As  in  reference  10,  the  main  intent  of  this  paper  is  not  to 
compute  temperature  patterns  but  rather  to  provide  a  guide  for 
intuitive  thinking  about  heat  flow  in  heterogeneous  materials. 
Nevertheless,  the  expressions  obtained  in  this  paper  can  be  used 
to  model  the  temperature  pattern  for  an  assumed  distribution  of 
sample  properties.  Specifically  we  investigate  what  combinations 
of  thermal  and  optical  parameters  can  be  interpreted  as  thermal 
and  opto/thermal  barriers  in  the  sample  and  determine  how  these 
barriers  contribute  to  the  sample  temperature  pattern.  (Opto/ 
thermal  barriers  are  described  in  section  D.)  A  simple  thermal 
wave  interpretation  of  our  results  also  provides  a  means  for 
visualizing  the  details  of  complicated  heat  flow  in  heterogeneous 


materi al s . 


THEORY 


If  thermal  properties  of  a  sample  vary  in  one  dimension 
only,  and  if  mechanical  coupling  is  ignored,  heat  flow  is  deter¬ 
mined  by  the  equation, 

[1]  3/3z[k(z)  3T(t,z)/3z]=  c(z)  3T(t,z)/3t  -  H  (t,z). 

Where  k  is  the  thermal  conductivity,  C  is  the  thermal  capacity  per 
unit  volume  and  H,  is  the  heat  input  per  unit  volume.  (Mechan¬ 
ical  coupling  in  photothermal  applications  is  discussed  in  refer¬ 
ence  11.) 

Solving  eqn.  1  requires  a  knowledge  of  the  spatial  dependence 
of  k  and  C,  and,  if  a  solution  is  obtainable,  it  may  have  a  dif¬ 
ferent  form  for  different  spatial  patterns.  To  avoid  this  diffi¬ 
culty,  we  consider  a  multilayered  sample  composed  of  n+1  homogen¬ 
eous  layers  and  let  n  approach  infinity.  This  allows  use  of  the 
simple  homogeneous  temperature  distribution  within  each  level.  In 
this  approach,  a  formal  solution  is  obtained  in  integral  form.  The 
spatial  distribution  of  <  and  C  can  then  be  inserted  to  evaluate 
the  integrals. 

A.  HOMOGENEOUS  HEAT  FLOW 

We  begin  by  expressing  the  temperature  pattern  in  a  homogen¬ 
eous  medium  in  a  form  that  will  be  convenient  for  subsequent  cal¬ 
culations.  For  homogeneous  materials,  k  is  spatially  uniform  so 
eqn.  1  reduces  to 


a  T/az  =  (c/<)  aT/at  -  H(t,z)/ie  , 


and,  if  I  is  the  intensity  of  an  energy  source  that  is  exponen¬ 
tially  absorbed  in  the  sample,  and  6  is  the  absorption  constant, 
then  H=  gl  exp(-Bz),  where  positive  z  is  measured  downward  from 
the  upper  surface.  If  we  operate  in  the  temporal  Fourier  trans¬ 
form  domain  and  limit  ourselves  to  the  harmonic  case  [H  , 

T  ~exp(jut)],  then 

[2]  32T  /3z2  =  T/y2  -  01  exp(-ez)/< 

1/2 

where  y  =  (ic/ja£)  is  the  complex  thermal  diffusion  length. 

Since  y"1  appears  frequently  in  our  calculations,  we  define 
y  =  1/u  to  be  the  reciprocal  complex  thermal  diffusion  length. 

The  homogeneous  and  particular  solutions  of  eqn.  2  are  T* 
exp(±Yz)  and  T=  rl  exp(-sz),  respectively,  where  r  =  ye/(e+e~), 
y=  u/k,  e  =6u,  and  ei=  lie.  (In  general,  the  notation  a1, 
will  be  used  as  an  abbreviation  for  l±a.)  Each  of  these  terms  has 
physical  significance,  e  is  the  ratio  of  the  thermal  diffusion 
length  y,  to  the  optical  absorption  length  s~*,  and  y  is 
inversely  proportional  to  the  thermal  effusivity  (or  thermal 
inertia)  of  the  sample,  e=(ieC)^2.  y  is  both  complex  and 
frequency  dependent.  Since  y  and  y  are  independent  variables,  it 
is  possible  to  use  them  as  the  fundamental  thermal  parameters 
instead  of  <  and  C.  In  terms  of  these  parameters,  k  =  y/y  and 


Using  these  solutions,  the  complex  sample  temperature  can  be 
written 

[3]  T(z)  =  T1  exp(yz)  +  T2  exp(-yz)  +  r  I  exp(-gz), 

1  2 

where  T  and  T  are  constants  to  be  determined  by  boundary 
conditions.  The  corresponding  flux  In  the  z  direction  is 

[4]  F=  -<3T/3z=  -KY[T1exp(yz)  -  T2exp(-uz)]  +  icgrl  exp(-gz). 


For  ease  in  making  calculations,  we  write  T  and  F  as  components  of 


the  vector,  t  * 
vector  form  as 


T 

F 


.  Eqns.  3  and  4  can  then  be  written  in 


[5] 


t ( z )  =  P[J  E(z)  f  +  g  a  exp(-gz)] 


where  n=  rl. 


E(z) 


exp(yz)  0 
0  exp(-yz) 


T  * 


1 

e 


J= 


1  1 
■1  1 


,  and  P 


0  y 


0 

-1 


Using  a  vector  formulation  has  several  advantages  including 
the  ease  of  matching  boundary  conditions.  At  each  interface,  con¬ 
tinuity  of  t  provides  continuity  of  both  temperature  and  thermal 
flux. 


Using  the  abbreviations,  T'(z)  *  E(z)  T  and 


fl'(z)=  q  exp(-Sz),  eqn.  5  simplifies  to 


t(z)  =  P[J  f'(z)  +  g  fl'(z)], 


We  interprete  the  terms  in  eqn.  6  as  traveling  thermal  waves  (Fig¬ 


ure  1).  The  components  of  T'(z)  are  two  damped  waves,  one  travel¬ 


ing  upward  and  the  other  traveling  downward,  with  amplitude  T  at 


z=  0.  E(z)  is  a  propagation  matrix  that  describes  the  change  in 


amplitude  and  phase  of  these  waves  as  they  travel  through  the 


sample  and  depends  only  on  the  thermal  properties  of  the  sample. 


Mathematically,  these  waves  satisfy  boundary  conditions.  Physic¬ 


ally,  they  represent  thermal  waves  reflected ( 12)  by  a  thermal 


mismatch  at  sample  interfaces. 


We  also  view  g  a'(z),  which  is  the  source  term  for  the 


thermal  system,  as  a  thermal  wave  with  a  magnitude,  n,  at  z=  0  and 


with  a  propagation  factor,  exp(-Sz).  This  propagation  factor  is 


purely  attenuating.  It  depends  only  on  the  sample's  optical  prop¬ 


erties,  and  is  real  as  long  as  the  conversion  of  absorbed  energy 


to  heat  is  instantaneous.  Since  this  wave  is  created  by  heat 


generated  within  the  sample,  it  is  present  regardless  of  any 


thermal  constraints  existing  at  the  sample  surface.  Accordingly, 


we  call  it  the  fundamental  or  heat-generated  thermal  wave. 


The  amplitude  of  the  fundamental  wave,  fl,  is  essentially  a 
measure  of  how  easily  harmonic  energy  can  produce  a  temperature  in 
a  particular  thermal  environment,  n  is  frequency  dependent  and  is 
a  function  of  all  three  opto/thermal  parameters,  8,  tc,  and  C. 


Ufa 


r=  -y/e*  -l/«8,  in  an  optically  saturated  sample  (|e|»l),  while 
in  an  unsaturated  sample  (|e|<<l),  r=  ye=  6/jwC. 


B.  LAYERED  SAMPLES 

Consider  a  sample  of  thickness,  L,  whose  upper  surface  is  in 
thermal  contact  with  a  fluid,  G,  (gas  or  liquid)  and  whose  lower 
surface  is  in  thermal  contact  with  a  backing  material,  B,  (gas, 
liquid  or  solid).  We  assume  that  no  heat  is  generated  in  either  G 
or  B,  that  both  of  these  regions  have  spatially  uniform  thermal 
parameters,  and  that  both  regions  are  thermally  thick  (i.e  are 
thermal  half-spaces).  We  consider  the  sample  to  consist  of  n+1 
homogeneous  layers  (Figure  2).  The  temperature  pattern  within 
each  layer  can  then  be  described  by  eqns.  5  or  6,  where  z  is 
measured  downward  from  the  upper  surface  of  the  layer. 


1.  The  Effect  of  Surface  Boundaries. 


In  order  to  separate  surface  effects  from  bulk  effects,  we 
temporarily  ignore  thermal  and  optical  properties  within  the 
sample  except  for  two  small  zones  close  to  the  sample  surfaces 
(Figure  3). 

Since  G  and  B  are  homogeneous,  their  temperature  and  flux  can 
be  written. 


=  P  J  T  exp(T  z)  and  T  =  PkJ*T.  exp[-yK(z-L)] 


-12- 


where  Tg  and  Tb  are  constants  determined  by  boundary  conditions, 
yg  and  y^  are  the  thermal  admittances  of  regions  6  and  B,  respect 
ively,  and 


1 

±1 


P.  = 

i 


1  0 
o  y 


-l 


(is  b,g), 


At  z  =  0  and  z  =  L,  tq(0)«  t*  and  rnUn)  =  tb, 
respectively.  Thus, 


^  P0CJ  f0  +  9*0  °ol  *  Pg  J-  Tg 

p„cj  rL  *  !„  ^  =  Pb  J.  T„ 

where  fL  =  f^(zn)  and  fl^Un). 

The  relationship  between  fL  and  tQ  depends  upon  the  thermal 
and  optical  properties  of  the  sample  bulk.  Initially,  we  leave 
these  properties  unspecified  and  write 

[9]  fL  *  *  f0  +  in 

where  the  matrix,  *,  and  the  vector,  l,  are  to  be  determined 
later.  *  is  the  effective  propagation  factor  for  a  thermal  wave 
traveling  through  the  sample,  and  $  represents  additional  thermal 
waves  created  by  thermal  reflections  within  the  sample.  We  call 
the  pair  [#,$],  the  thermo-optical  transmission  of  the  sample. 
These  two  terms  completely  characterize  the  heterogeneity  of  the 
sample. 


Subsequent  calculations  will  be  simplified  if  we  separate  * 
into  a  product  of  two  terms,  #=  p  E{0L),  where 


exP(YavaL) 
E(0L).  „av9 


exp(*TavgL)  I’ 


and  Yavg=  L_ig/  y(z)  dz  .  E (OL)  is  the  propagation  factor  for  a 
thermal  wave  moving  from  surface  to  surface  in  a  homogeneous 
sample  having  a  reciprocal  diffusion  length  equal  to  the  average 
reciprocal  diffusion  length  of  the  heterogeneous  sample. 

Using  eqn.  9,  eqns.  7-8  can  be  reordered  and  expressed  in  the 


simplified  form. 


f  n  +  A  =  B  T 
0  g 


*0 +  c  ■ 0  V 


Solving  for  f 


,  .  >  dtt(X.S) 

f0  =  (5>J)  det(O.f)  ' 


where  is  the  matrix 


°2  B2 


Evaluating  determinents. 


and  substituting  fg  into  eqn.  6,  the  surface  temperature  at  z-  0 
is  found  to  be. 


[10]  Ts«T(0H(l+Pg)/2 


^[det(gQ,?pb)  -  det(gL,pb)  -  det($  ,pb)] 
det(p  ,♦  Pb) 


where 


♦*  det(«)  ♦  a.a  fl.  e. ,  e,  *  1  0s  0,L), 


3  (i  3  g.b).  Pt 


*g  =  y0/yg=  eg/e0* 


and  ,b  =  yL/yb-  eb/eL. 


Eqn.  10  is  a  general  expression,  applicable  to  both  homogeneous 
and  heterogeneous  samples.  To  complete  the  solution,  *  and  $ 
must  be  determined  for  the  material  being  studied. 

For  homogeneous  samples  the  term,  det(iji,pb) ,  vanishes  since 
there  are  no  internal  thermal  reflections  within  the  sample,  and 
<p  reduces  to  the  unit  diagonal  matrix,  I*  g  j  .  For  homogen¬ 
eous  materials,  eqn.  10  is  more  easily  recognized  when  the  deter¬ 
minants  are  expanded  and  the  equation  is  reordered  in  the  form 


[11]  T$3  r 


(l-e)(l+*b)  A  -  (l-*b)(l+e)  A  -  2Ub-  e)  exp(-sL) 

(l+"b)(l+*g)  A  -  (l-irb)(l-7fg)  A  1 


4 


where  A*  exp(yL).  Except  for  slight  differences  in  nomenclature, 
this  equation  is  identical  to  the  one  commonly  used  in  photo- 
thermal  calculations  when  3-dimensional  effects  need  not  be  taken 
into  account.  (See  reference  2.  Our  results  and  those  of  R  4  G 
can  be  correlated  by  letting  wg+  g,  *b+  b,  e  ♦  r,  y  *•  c$,  and 
A  -*•  exp(o$L).) 

Before  determining  *  and  l  for  a  heterogeneous  sample,  we 
briefly  discuss  the  physical  significance  of  the  terminology  used 
in  eqn.  10. 


r  ”  i  * 

V  .  £ 
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2.  Terminology 

The  quantity,  *,  is  the  ratio  of  thermal  effusivities  at  an 
interface.  When  the  sample  Is  thermally  matched,  *=  1,  and 
pa  0.  We  designate  p^  as  the  magnitude  of  the  discrete  thermal 
barrier  at  Interface,  1.  Since  *  ranges  from  0  to  »,  p  ranges 
from  1  to  -1.  When  p*  -1  the  medium  interfacing  with  the  sample 
has  zero  thermal  effusivlty;  when  p*  +1  the  medium  interfacing 
with  the  sample  has  Infinite  thermal  effusivlty.  When  p  is 
negative,  the  interfacing  medium  is  usually  a  better  heat  con¬ 
ductor  than  the  sample,  while  if  p  is  positive,  the  medium  is 
usually  a  better  Insulator,  and  If  p=  0,  there  is  a  thermal  match 
and  heat  flow  is  not  disrupted. 

In  the  absence  of  internal  reflections,  the  matrix,  #,  is 
diagonal  and  the  elements,  and  *22,  are  the  propagation 
factors  for  an  upward  and  downward  traveling  thermal  wave,  respec¬ 
tively,  moving  from  surface  to  surface.  When  internal  reflections 
are  present,  off-diagonal  terms  *2i)  are  Introduced. 

n  is  a  measure  of  the  ability  of  the  modulated  heating  source 
to  produce  an  harmonic  temperature  in  the  sample.  Roughly  speak¬ 
ing,  it  can  be  said  to  describe  the  amount  of  harmonic  temperature 
created  per  unit  of  harmonic  heat  input.  For  one-dimensional  heat 
flow,  the  absolute  magnitude  of  r  is  |r|=  B/(^B4  +  ui2  C2)^2 
When  8  is  small,  r  is  linear  in  8  and  inversely  proportional  to  C. 
When  8> | 1/y | ,  | r |  monotonical ly  decreases  with  g  and  Kt  indi¬ 

cating  that  as  absorption  increases,  energy  absorbed  at  a  depth 


below  zs|u|  becomes  increasingly  ineffective  in  altering  the 
surface  temperature.  In  general,  however,  n  is  a  function  of  all 
three  opto/thermal  variables  since  at  any  particular  point  in  the 
sample  the  temperature  is  affected  by  the  amount  of  heat  created 
there  (g),  by  how  well  heat  is  retained  at,  or  introduced  into, 
that  point  {<),  and  by  how  much  energy  is  needed  to  produce  a 
temperature  at  that  point  in  the  absence  of  thermal  conduction 
(C). 

C.  THERMAL  WAVES  IN  A  HETEROGENEOUS  MEDIUM. 

In  a  thermally  thick  homogeneous  sample,  where  there  is  no 
thermal  reflection  at  the  bottom  surface,  the  temperature  pattern 
is  a  simple  exponential.  This  pattern  can  be  represented  by  a 
fundamental  wave  having  a  magnitude,  n,  at  z=0.  As  the  wave  moves 
through  the  sample,  it  is  attenuated  by  the  propagation  factor, 
exp(-yz).  Since  n  is  spatially  uniform,  temperature  is  produced 
with  the  same  effectiveness  at  all  depths  in  the  sample.  In  a 
heterogeneous  sample,  where  6,  k,  and  C  are  functions  of  z, 
n  varies  with  depth  and  consequently  temperature  is  produced  with 
varying  effectiveness  at  different  sample  depths.  The  temperature 
pattern  in  a  heterogeneous  sample  depends  upon  z  through  both  a 
and  through  the  propagation  factor,  E(z). 

To  separate  these  effects,  we  call  a  the  strength  of  the 
fundamental  wave.  In  a  homogeneous  material,  this  strength  is 
constant,  while  in  a  heterogeneous  material,  it  varies  with  depth 
depending  upon  the  spatial  distribution  of  the  opto/thermal 
parameters,  8(z),  «(z),  and  C(z). 


As  shown  in  the  following  section,  any  spatial  change  in  the 
fundamental  wave  strength  results  in  a  reflected  thermal  wave  in  a 


manner  similar  to  the  production  of  reflected  waves  by  thermal 
mismatches  at  sample  surfaces. 

D.  THERMAL  AND  OPTO/THERMAL  BARRIERS 

To  obtain  #  and  I  for  a  heterogeneous  sample,  t  must  be 
matched  at  each  of  the  interfaces  in  the  n+1  level  system. 

Details  of  this  calculation  are  found  in  the  appendix.  Here  we 
consider  the  effect  of  spatial  variations  in  the  opto/thermal 
parameters  in  a  simpler,  less  precise,  but  more  direct,  manner. 

In  our  layered  sample,  f  and  a  are  spatially  uniform  within 
each  layer,  but  may  vary  from  layer  to  layer.  We  identify  the 
value  of  these  quantities  by  a  subscript  indicating  the  layer  num¬ 
ber  (e.g.,  tj).  As  nx»,  and  as  the  layer  thickness  0,  f  and  n 
can  be  considered  to  be  functions  of  z.  In  addition, 
if  e,  k,  and  C  are  continuous  and  their  spatial  derivatives 
exist,  the  difference  in  sample  properties  in  adjacent  layers 
becomes  infinitesimal.  Under  these  conditions,  we  can  write  the 
difference  between  t  on  either  side  of  an  interface  at  an  arbi¬ 
trary  depth,  z=;,  as 

dt/dZ  (c)=  [3[PjT*  ]/3Z  +3[Pgn']/3z]  . 
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Solving  for  3T'/3z  and  noting  that  x  is  constant  across  the 
interface,  and  3y/y3z  =  -3e/e3z  (where  e  is  the  thermal  effu- 
sivity),  we  obtain. 


[12] 


3f'/3z  (;)=  [- 


(3e/e3z)  t'/2  +  ( eft' ) ( 3e/e3z)  J_/2  - 


-  3(e  n')/23z]z=c 


A  more  exact  solution  gives  the  same  relationship.  The  first  term 
in  eqn.  12  represents  the  incremental  change  In  the  propagation 
factor  created  by  spatial  variations  in  the  opto/thermal  para¬ 
meters.  The  remaining  terms  are  reflected  thermal  waves  produced 
by  heat  barriers  located  at  z=£. 


The  first  of  these  reflected  waves  depends  exclusively  on 
thermal  properties,  specifically  on  the  spatial  logarithmic  deriv¬ 
ative  of  the  thermal  effusivity  at  z*?.  The  second  reflected  wave 
depends  upon  both  optical  and  thermal  properties.  These  differing 
dependencies  suggest  the  existence  of  two  different  types  of  heat 
barriers,  one  created  by  spatial  variations  in  thermal  properties 
alone,  and  the  other  created  jointly  by  spatial  variations  in  the 
optical  and  thermal  properties.  We  call  these  heat  barriers, 
thermal  barriers  and  opto/thermal  barriers,  respectively.  The 
structure  of  these  barriers  will  be  discussed  in  section  F. 

It  is  helpful  to  retain  a  distinction  between  these  two  types 
of  heat  barriers  when  examining  heat  flow  in  a  heterogeneous 
sample.  A  change  in  thermal  properties  can  produce  both  types  of 
barriers,  but  it  is  apparent  that  even  in  a  thermally  homogeneous 


sample,  spatial  changes  in  the  optical  absorption  coefficient 
produce  thermal  wave  reflections  that  may  be  interpreted  as 
opto/thermal  heat  barriers  within  the  sample. 

E.  REFLECTED  THERMAL  WAVES 

In  our  layered  sample,  each  layer  has  a  different  value  of  r, 
resulting  in  n+1  different  temperature  distribution  patterns, 

«n=  (rl)n  exp(-6nc).  As  a z  *  0,  these  temperature  distribution 
patterns  form  a  continuum,  fl(c),  where,  n(?)  is  the  temperature 
pattern  that  would  exist  in  a  homogeneous  sample  having  optical 
and  thermal  properties  identical  with  those  existing  in  a  hetero¬ 
geneous  sample  at  the  depth  c.  Rewriting  eqn.  A3  (in  the  appen¬ 
dix)  in  the  form, 

L  ♦ 

[13]  »  *  /  E(cl)  S(C)  n(c)  dc 

0 

where 

[14]  S  =  1/2  [e'1  (3e/3;)  J+  -  e^Oe/a?)  e/  ], 

e  /  e 

we  see  that  the  temperature  pattern  developed  by  thermal 

reflections  in  a  heterogeneous  sample  can  be  expanded  using 

♦ 

n(?)  as  basis  functions.  In  this  expansion  S(c)  is  a  weighting 
factor  indicating  the  contribution  of  the  local  ("homogeneous") 
temperature  pattern,  n(?)  to  the  total  heterogeneous  temperature 
pattern.  This  formulation  also  provides  a  convenient  means  for 
defining  thermal  and  opto/thermal  barrier  densities. 


F.  BARRIER  DENSITIES 


In  contrast  with  homogeneous  samples,  where  thermal  barriers 
exist  only  at  sample  surfaces,  heterogeneous  samples  have  a  con¬ 
tinuum  of  thermal  and  opto/thermal  barriers  (Figure  4).  Internal 
reflections  occur  at  each  depth  in  the  sample  where  the  thermal 
effusivity,  e,  or  the  ratio  of  the  thermal  diffusion  length  and 
the  optical  absorption  length,  e,  are  not  spatially  uniform.  We 
define  the  density  of  thermal  barrier  at  z=  c  to  be 
M^U)  =  3e(c )/2e(c)3z  and  the  density  of  the  opto/thermal  barriers 
to  be  MQ/t(c)=  3e(t)/2e(t)3z. 

Since  3C/3c  and  3</3c,  are  finite  in  our  development,  abrupt 
changes  (discontinuities)  in  the  thermal  effusivity  at  the  sample 
surfaces  (or  at  any  other  depth  in  the  sample)  do  not  appear  in 
the  Mt(c)»  These  discontinuities  are  introduced  through  the 
ratios,  ir.  If  the  thermal  admittance  at  the  surface  were  consid¬ 
ered  to  be  continuous  in  z,  with  a  steep,  but  finite,  slope,  the 
surface  thermal  barriers  could  then  be  included  in  Mt(t)»  and  the 
whole  space,  including  the  sample  and  regions  G  and  B,  could  be 
considered  to  be  one  thermal  body  with  spatially  varying  thermal 
properties. 

G.  DEPENDENCE  ON  B,  <,  AND  C 

In  our  calculations,  the  parameters,  k,  and  C,  appear  only  as 
a  ratio,  </C  (in  y),  or  as  a  product,  <C  (in  y  and  in  e). 


Also,  except  for  its  appearance  in  the  propagation  factor, 
exp(-/s  d?),  0  appears  only  in  the  product,  e  =  6u.  The  concise 
form  that  photothermal  equations  take  when  e,  n,  and  y  (instead 
of  k ,  0,  and  C)  are  used  as  the  optical  and  thermal  parameters 
indicates  the  basic  nature  of  these  combinations.  It  also  shows 
that  thermal  effusivity  must  be  taken  into  account  as  well  as  the 
thermal  diffusion  length  when  analyzing  heat  flow.  The  fact 
that  8  almost  always  appears  in  the  ratio  y/s~*  =  6u  =  e  shows 
the  close  relationship  between  optical  and  thermal  properties  in 
producing  harmonic  heat  flow  and  indicates  that  many  photothermal 
features  depend  only  on  the  ratio  of  these  quantities  and  not  on 
the  value  of  either  one  individually.  The  fact  that  the  modula¬ 
tion  frequency  appears  only  in  combination  with  thermal  capacity 
(as  jwC)  indicates  that  only  those  effects  involving  heat 
capacity  are  frequency  dependent. 

Replacing  the  parameters,  e,  u»  with  8,  <,  and  C,  the  barrier 
density,  Mt(c),  becomes  Mt(c)  =  (2C}_13C/3c  +(2k)-1 3k/3c  indi¬ 
cating  that  logarithmic  changes  in  <  and  C  are  equally  effective 
in  creating  thermal  barriers,  and  that  changes  in  <  and  C  produce 
changes  of  like  sign  in  M.  [This  same  dependence  on  k  and  C  is 
also  evident  In  locally  excited  heterogeneous  samples  with  local 
homogeneity.  (Ref  10.)]  Since  the  internal  thermal  barriers  are 
not  related  to  the  generation  of  heat,  they  are  independent  of 
changes  in  the  sample's  optical  absorption  properties. 

The  effect  of  heterogeneity  on  the  heat-generated  temperature 
distribution,  n( z),  is  more  complicated.  The  weighting  factor. 
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$,  (eqn.  14)  has  a  simple  dependence  on  effusivity,  but  its  depen¬ 
dence  on  c  depends  upon  the  degree  of  optical  saturation.  When 
the  sample  is  unsaturated. 


and. 


e|<<l,  and 

- .  + 
e  /  e 

+ .  - 

-► 

1 

1 

e  /  e 

S  =  V2  C(3e/e3c  -  3e/e3c)  [(ee)_13(ee)/3c  J+] 

=  -  V2  C(30/B3c  -  3C/C3c)  J+]. 


But  if  the  sample  is  saturated. 


and. 


e  |  >> 1 ,  and 


e  /  e 
e+  /  e’ 


» 


?  *  V2  [(3e/e3c  +  3e/e3c)  J+]' V2  C(e/e)  (a(e/e)/3c)  J+] 
*  l/2  [38/835  +  3k/<3c]  J+. 


Thus  at  the  depths  where  the  sample  is  optically  unsaturated, 
the  simple  homogeneous  temperature  pattern  is  distorted  by  spatial 
variations  in  optical  absorption  and  thermal  capacity  only.  And, 
at  depths  where  the  sample  is  optically  saturated,  it  is  distorted 
by  spatial  variations  in  optical  absorption  and  thermal  conduction 
only  (Figure  5).  (See  ref.  10  for  similar  relationships  in 
heterogeneous  sample  with  local  homogeneity). 


-23- 


In  general,  then,  in  a  heterogeneous  sample  the  simple 
homogeneous  temperature  pattern  is  distorted  by  spatial  changes 
In  8,  at  all  depths  where  the  fundamental  wave  is  significant,  but 
distortion  produced  by  spatial  changes  in  k  and  C  at  a  particular 
depth  depends  upon  the  degree  of  optical  saturation  at  that  depth. 

H.  DISCRETE  OPTO/THERMAL  BARRIERS 

The  temperature  at  the  upper  surface  of  a  sample  depends  upon 
the  collective  magnitudes  and  phases  of  all  of  the  thermal  waves 
evaluated  at  the  upper  sample  surface.  This  can  be  seen  most  easily 
in  homogeneous  samples,  where.  If  the  determinants  in  eqn.  10  are 
expanded,  we  obtain 


[15]  Ts<(l+pg)/2][e'(fJ0-  QLA"1)-pbe+(ft0A‘2-nLA“1)]/(l-pbpgA"2) 


■1 


where  A  =  exp(-yL). 

Each  term  in  eqn.  15  is  associated  with  a  particular  discontin¬ 
uity  in  y  or  r  (l.e.,  with  a  particular  thermal  wave),  and  each 
discontinuity  (thermal  wave)  is  represented  by  a  term  in  eqn  15. 


If  we  consider  the  sample  plus  regions  6  and  B  to  comprise  a 
single  physical  continuum  with  varying  optical  and  thermal  prop¬ 
erties,  two  fundamental  discontinuities  always  exist  at  the  sample 
surfaces  regardless  of  whether  there  is  a  thermal  mismatch  at  these 
surfaces  or  not  since,  moving  in  the  z-direction,  the  spatial  rate 
at  which  heat  Is  generated  changes  abruptly  as  we  enter  and  leave 
the  sample.  To  see  the  effect  of  these  surface  opto/thermal 


-Jyj. 
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barriers,  we  temporarily  assume  that  there  are  no  thermal  barriers 
at  the  sample  surfaces  (i.e.,  p^»  0).  The  temperature  at  the 

upper  surface  then  reduces  to 

[16]  Ts=  e‘(a0-  flLA_1)/2  =  e'  rl (1-A_1exp(-SL) )/2 

The  first  term  in  the  bracket  results  from  a  heat-source,  or 
fundamental,  discontinuity  at  the  upper  surface  with  propagation 
factor,  1  (since  it  originates  at  this  surface).  The  second  term 
comes  from  the  heat  source,  or  fundamental,  discontinuity  at  the 
lower  surface  (with  propagation  factors,  exp(-gL)  and  a"1. 

The  factor  1/2  in  eqn.  16  arises  from  the  absence  of  a  thermal 
barrier  at  the  upper  sample  surface.  Consequently,  heat  flows  into 
region  G  equally  as  well  as  Into  the  sample.  If  the  thermal  wave  is 
totally  reflected  at  the  upper  surface),  (i.e.  p^=  1)  then 
(l+pg)/2=  1  (instead  of  1/2),  and  all  heat  generated  near  the  upper 
surface  of  the  sample  remains  within  the  sample. 

If  we  now  insert  a  thermal  barrier  (pfa*  0)  at  z  *  L,  thermal 
waves  are  reflected  at  this  surface,  and  two  additional  terms 
appear, 

[17]  Pb[-e+Q  a"2+  e+n  A_1exp(-6L)] 

The  first  term  originates  at  the  thermal  mismatch  at  z=0  and  has  a 
"reflective”  propagation  factor,  a”2,  indicating  two  passages 
through  the  sample  (i.e.,  reflection  from  the  lower  surface)  while 
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the  second  term,  created  by  a  thermal  mismatch  at  z  *  L,  has  a 
propagation  factor,  a”*,  indicating  a  single  passage  through  the 
sample. 

Multiple  reflections  occur  when  and  p  are  both  non-zero  and 

_2 

are  Introduced,  mathematically,  by  the  term,  PgP^A  .  in  the 
denominator  of  eqn.  15. 

Eqn.  16  can  be  put  in  another  form  which  parallels  the 
formulation  for  heterogeneous  materials.  At  the  upper  surface 
e~tig=  A(e"n)0  is  the  Incremental  change  in  e"n(z)  as  we  move 
through  this  interface  in  the  positive  z  direction,  while 

A(e~n)L,  is  the  incremental  change  in  e“n(z)  at  z  *  L  as  we 
move  through  this  interface  also  in  the  positive  direction. 

Using  this  notation,  eqn.  16  becomes 

[18]  Ts=  1/2  [A(e“fl)0  +  A(e"n)LA‘1]. 

To  summarize  —  each  term  in  the  sample  surface  temperature  is 
associated  with  a  particular  thermal  wave  which  is  generated  at  some 
thermal  or  optical  discontinuity  In  the  sample,  and  each  discontin¬ 
uity  in  the  sample  contributes  a  term  in  T$.  An  opto/thermal 
discontinuity  always  exist  at  the  two  sample  surfaces  if  heat  is 
generated  only  within  the  sample.  In  heterogeneous  samples,  the 
discrete  surface  thermal  barriers  are  augmented  by  a  continuum  of 
thermal  and  opto/thermal  barriers  within  the  sample  bulk. 


SUMMARY  AND  CONCLUSIONS 


In  photothermal  applications  using  broad  beam  illumination, 
heat  flow  in  samples  whose  thermal  and  optical  parameters  vary  in 
one  dimension  only  may  be  interpreted  in  terms  of  a  continuum  of 
opto/thermal  and  thermal  barriers.  At  each  depth  in  the  sample 
(including  the  sample  surfaces)  wherever  the  ratio  of  the  thermal 
diffusion  length  to  the  optical  absorption  length  varies,  an  opto- 
/thermal  barrier  is  created.  Similarly,  wherever  the  thermal 
effusivity  varies  with  depth,  a  thermal  barrier  is  created.  In 
heterogeneous  samples,  a  continuum  of  such  barriers  exist,  resulting 
in  a  continuum  of  reflected  thermal  waves. 

The  source  term  in  the  temperature  distribution  can  also  be 
considered  to  be  a  thermal  wave.  The  strength  of  this  (fundamental) 
wave  describes  how  effectively  a  harmonic  heat  source  produces  a 
harmonic  temperature  In  a  particulatr  thermal  environment.  In 
homogeneous  samples,  this  strength  is  spatially  uniform.  In  a 
heterogeneous  sample,  it  varies  with  depth.  Thermal  barriers  can 
also  be  interpreted  in  terms  of  spatial  changes  in  the  strength  of 
the  fundamental  wave. 

The  effect  of  an  opto/thermal  barrier  at  a  particular  depth 
depends  upon  the  degree  of  optical  saturation  at  that  depth.  At  all 
depths  where  the  fundamental  wave  Is  significant,  spatial  changes 
In  8  are  Important.  At  optically  saturated  depths.  It  also  depends 
upon  spatial  changes  In  <,  while  at  depths  that  are  unsaturated.  It 
depends  on  spatial  changes  in  C. 


Although  the  complexity  of  heterogeneous  heat  flow  will  always 
make  its  analysis  difficult  in  photothermal  applications,  viewing 
this  flow  pattern  in  terms  of  heat  barriers  provides  a  useful, 
intuitive,  guide  for  working  with  these  problems. 
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APPENDIX 

We  consider  a  sample  whose  optical  and  thermal  properties  are 
spatially  uniform  In  the  transverse  (x,y)  plane,  but  vary  with 
depth.  We  further  assume  that  8,  »c,  and  C  are  continuous  functions 

of  z,  that  their  derivatives,  3C/3Z,  3k/ 3z,  and  38/ 3z,  exist  and 

are  piecewise  continuous,  and  that  broad  beam  excitation  is  used  so 
that  heat  flow  is  one-dimensional. 

We  initially  divide  the  sample  into  n+1  zones,  each  of  width 
az,  and  assume  that  the  thermal  and  optical  parameters  are  spatially 
uniform  within  each  zone,  but,  in  general,  differ  from  zone  to 
zone.  Since  each  zone  is  homogeneous,  its  temperature  and  flux  is 
given  by  eqn.  2  as  long  as  z  is  measured  downward  from  the  upper 
surface  of  the  zone. 

Energy  absorption  In  preceding  zones  must  be  taken  into 
account.  If  Iq  156301  intensity  at  z  =  0,  then. 
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n-1 


ln  "  l0 

exp(-  E  8.  az). 

k*0  K 

n-1 

[Al] 

an(°)  - 

r  In  exp(-  E  8.  az) 
n  0  kssQ  k 

and 

«  (c)  - 

n  (0)  exp(-  8  c). 

,  in  each  zone  can  be 


I  T1 

The  arbitrary  constants,  t  *  |2 

determined  by  satisfying  boundary  conditions  at  the  zone's  upper  and 
lower  surfaces.  In  particular,  at  the  interface  of  zones  m  and 


m+1,  ^(O)  *  tJaz)  (Figure  6). 
^m+1 ! 


m+lv"'  'm' 
Solving  for  f  .. , 


1  0 
0  w. 


m 


i! 


m' 


-  viVi(0)3 


where  ir  *  y  ^,/y  . 
m  J m+1  •'m 


i 


I 


If  the  thermal  and  optical  properties  of  these  zones  differ 
only  Incrementally  (^m+1s  ym  +  Aym)»  and 


[A2]  V-V2*iA 


where  I  is  the  unit  matrix  and  q»  j  "j 


4tS  Q  fm  -  4(4  "in  /2>  "  %  J-  \  ■ 

We  find  *  and  |  by  iterating  eqn.  A2,  retaining  terms  to 

first  order  in  a z  only,  and  letting  az  -►  0.  Determining  in 

terms  of  fg,  we  find  that 

*»  E(0L)  *  <p-  I  -  f  1  ,  n(?)  (3e/2e3?)  d c 

0  n-1(c)  1 

and 

L 

[A3]  h  / E(cL)[e(c)r(c)  (3e/2e3?)  $  -3(er)/3s]  I  exp(-0U)c)d?. 

0  -  0 

A(ab)  0  b 

Here  E(ab)  *  Q  A_1(ab)  »  A<ab)  *  exP(  /  t(c)  <k), 

and  n  *  -  exp(-  2  /  y(z)  dz). 

0 

In  the  limit,  eqn.  A1  becomes 

z 

a(z)  =  r(z)  IQ  exp (-  /  s  d?)  and  n(L)  =  r(L)  IQ  exp(-eavgL). 

The  many  similar  features  of  heterogeneous  and  homogeneous 
temperature  patterns  makes  It  possible  to  separate  the  surface 
temperature  of  a  heterogeneous  sample  into  two  parts,  Ts=  Thom  + 
Thet*  *here  Thet  specifically  describes  heterogeneous  effects,  and 
Th0m  is  identical  to  the  homogeneous  solution  for  a  sample  whose 
reciprocal  thermal  diffusion  length  and  optical  absorption  constant 
are  equal  to  the  corresponding  spatially  averaged  values  of  these 
quantities  in  the  heterogeneous  sample.  Thet  will  not  be  given  here 
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because  of  Its  complexity,  but  It  can  be  obtained  by  a  straight 
forward,  but  algebraical 1y  complicated,  reordering  of  the  terms  in 
eqn.  10. 


Figure  Captions 


1.  A  symbolic  representation  of  the  reflected  and  fundamental  (or 
heat-generated)  thermal  waves,  indicating  terminology  and  wave 
characteristics. 

2.  The  n+l-level  structure  used  as  a  starting  point  in  the  analysis 
of  a  heterogeneous  sample  with  properties  varying  with  depth 
only.  Each  level  is  assumed  to  be  internally  homogeneous  with 
similar  temperature  patterns,  but  different  parameters.  The 
temperature  and  thermal  flux  is  given  for  a  typical,  i  th  level. 

3.  Surface  bulk  effects  can  be  separated  by  matching  temperature  and 
thermal  flux  at  sample  surfaces  while  leaving  bulk  properties  in 
terms  of  a  generalized  propagation  factor,  *,  and  internally 
generated  reflected  waves,  J. 

4.  A  diagramatic  comparison  of  thermal  wave  propagation  in  hetero¬ 
geneous  and  homogeneous  samples. 

5.  A  comparison  of  thermal  and  opto/thermal  barriers.  Opto/thermal 
barriers  are  characterized  by  a  change  (or  fluctuation)  in  the 
effectiveness  of  a  harmonic  heat  source  in  producing  a  harmonic 
temperature,  and  thus  these  barriers  can  also  be  called  Heat 
Source  Fluctuation  Barriers. 

6.  Matching  temperature  and  thermal  flux  at  an  arbitrary  depth, 
c,  relates  the  undetermined  constants  in  adjacent  levels.  By 
iteration,  can  be  expressed  in  terms  of  f  giving  $  and 
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G.  C.  Wetsel,  Jr.t,  J.  C.  Murphy,  and  L.  C.  Aamodt 
The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
Laurel,  MD  20707 


INTRODUCTION 

There  is  a  need  to  nondestructive^  evaluate  coatings  on  metal  alloys 
that  must  endure  high-temperature  or  highly  oxidizing  environments,  such  as 
for  aircraft  turbine  blades.  Such  coatings  are  opaque  and  of  the  order  of 
25  urn  in  thickness.  Characteristics  of  interest  include  the  uniformity  and 
thickness  of  the  coating,  which  must  be  sufficient  to  protect  the  substrate 
from  oxidation  at  high  temperatures. 

In  this  paper  we  report  the  results  of  measurements  on  samples  of  IN 
738  alloy  substrates  covered  by  AEP  32  coatings.  The  samples  were  in  the 
forms  of  cylindrical  reference  standards  and  actual  aircraft  turbine 
blades.  Characterization  methods  included  photothermal -optical -beam- 
deflection  (PTOBD)  imaging  [1],  optical  microscopy,  and  surface  profilom- 
etry,  with  the  principal  method  being  the  first. 

RESULTS 

A  turbine  blade  is  shown  in  Fig.  1.  The  coating  has  been  abrasively 
removed  to  the  right  of  the  arrow  exposing  the  substrate.  Optical  micro¬ 
graphs  of  1.14  mm  x  0.889  mm  areas  on  each  side  of  the  boundary  indicated 
by  the  arrow  in  Fig.  1  are  shown  in  Fig.  2.  The  substrate,  shown  in  Fig. 
2a,  exhibits  inclusions  typical  of  metal  alloys  and  scratches  (presumably 
put  there  by  the  abrasion  process).  The  coating,  shown  in  Fig.  2b, 
exhibits  a  porous,  sponge-like  appearance.  Evidently,  the  coating  is 
nonuniform. 

A  transverse  PTOBD  amplitude  contour  map  of  a  1  mm  x  1  mm  area  near 
the  boundary  between  coated  substrate  and  exposed  substrate  indicated  by 
the  arrow  in  Fig.  1  is  shown  in  Fig.  3.  The  boundary  is  clearly  visible  as 
a  dark  arc  across  the  center  of  the  figure.  The  exposed  substrate  is  in 
the  upper  part  of  Fig.  3;  the  coated  substrate  is  in  the  lower  part  of  Fig. 
3.  This  photothermal  image  indicates  that  the  coated  substrate  has  thermal 
inhomogeneities  on  a  scale  of  0.1  mm,  whereas  the  exposed  substrate  is 
relatively  homogeneous. 

In  Fig.  4,  a  profilometer  scan  across  the  boundary  between  the  exposed 
substrate  and  the  coated  substrate  is  shown.  The  surface  roughness  of  the 


coating  can  be  seen  to  be  greater  than  the  surface  roughness  of  the  sub¬ 
strate. 

Three  standard  samples  of  cylindrical  shape  were  studied:  (a)  UC#12, 
12.1  mm  in  diameter  x  10.5  mm  long,  with  a  nominal  coating  thickness  of 
38-51  uni;  (b)  DC#13,  12.1  mm  in  diameter  x  9.6  mm  long,  with  a  nominal 
coating  thickness  of  25-38  ym  long;  (c)  DC#15,  12.1  mm  diameter  x  10.5  mm 
long  with  a  nominal  coating  thickness  of  56-64  pm.  Optical  micrographs  of 
a  572  urn  x  445  pm  area  of  the  coating  surface  are  shown  for  each  sample  in 
Fig.  5. 

Normal  PTOBD  amplitude  contour  maps  of  a  500  pm  x  500  pm  area  of  the 
coating  on  the  three  cylindrical  samples  are  shown  in  Figs.  6,  8,  and  9. 

In  each  case,  the  photothermal  images  indicate  substantial  thermal  inhomo¬ 
geneity.  The  transverse  PT080  amplitude  contour  map  of  Fig.  7  should  be 
compared  with  Fig.  6.  The  area  imaged  in  Fig.  7  is  shifted  along  the  x 
axis  to  the  left  of  the  imaged  area  of  Fig.  6  by  150  pm.  Generally,  the 
thermal  inhomogeneities  that  are  so  prominent  in  the  normal  component  of 
beam  deflection  of  Fig.  6  are  not  prominent  in  the  transverse  component  of 
beam  deflection  of  Fig.  7.  The  "hot  spot"  shown  near  the  origin  in  Fig.  7 
is  an  area  not  included  in  the  area  imaged  in  Fig.  6. 

DISCUSSION 

The  results  of  the  PT08D  imaging  measurements  clearly  show  that  in 
each  sample  studied  the  AEP  32  coatings  are  substantially  inhomogeneous. 

The  lateral  dimensions  of  the  inhomogeneities  may  be  several  times  as  large 
as  the  nominal  coating  thickness.  It  is  not  known  at  this  time  if  the 
observed  inhomogeneities  are  due  to  variations  in  the  coating  composition, 
variations  in  the  coating  thickness,  variations  in  heat  transfer  from 
coating  to  substrate  (an  indication  of  bonding  variation),  or  all  of  the 
above.  Surface  profilometry  reveals  that  surface  topography  variations  can 
be  of  the  order  of  25%  of  the  nominal  coating  thickness  or  greater. 

Optical  micrographs  reveal  coating  variations  on  a  scale  consistent  with 
the  other  two  methods  of  measurement.  These  coating  variations, 
particularly  the  thickness  variations,  are  serious  potential  failure 
hazards. 
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INTRODUCTION 

Thin  film  coatings  are  used  to  protect  metal  alloys  from  oxidation. 

To  be  effective  they  must  have  adequate  thickness  and  be  well  bonded  to  the 
metal  substrate.  This  is  especially  important  for  metals  subject  to  high 
temperatures  or  to  highly  oxidizing  environments.  As  a  consequence,  there 
is  a  need  for  a  non-destructive  method  for  evaluating  coating  thickness, 
bonding,  and  other  coating  properties. 

In  this  paper  we  report  measurements  made  on  nickel  based  superalloys 
(IN  738)  coated  with  an  aluminide  coatings  (AEP  32)  using  a  dynamic  thermal 
method  of  measurement.  In  addition,  we  describe  an  analysis  which  could  be 
a  convenient  means  of  monitoring  the  thermal  parameters  of  thin  film 
coatings. 

The  three  samples  reported  on  here  were  in  the  form  of  circular 
cylinders  coated  on  one  end  and  on  the  cylinder  side.  The  other  end  was 
uncoated.  These  cylinders  were  designated  as  samples  DC#12,  DC#13,  and 
DC#15  and  have  the  following  dimensions:  (a)  UC012,  12.1  mm  in  diameter  x 
10.5  mm  long,  with  a  nominal  coating  thickness  of  38-51  pm;  (b)  DC013, 

12.1  mm  in  diameter  x  9.6  mm  long,  with  a  nominal  coating  thickness  of 
25-38  urn;  and  (c)  DC015,  12.1  mm  diameter  x  10.5  mm  long,  with  a  nominal 
coating  thickness  of  56-64  um.  Measurements  of  the  coated  and  the  uncoated 
ends  were  made  on  each  sample. 

THERMAL  MODEL/ PHOTOTHERMAL  RAD10METRY 

Figure  1  shows  the  thermal  model  and  terminology  that  we  use.  A 
pulsed  light  source  Illuminates  the  thin  coating  and  is  partially 
reflected.  The  absorbed  light  heats  the  opaque  coating  surface  and  heat 
diffuses  into  the  coating.  At  the  coating-metal  Interface,  a  thermal 
mismatch  occurs  If  the  thermal  effuslvltles  of  the  coating  and  substrate 
are  not  Identical.  (Thermal  Ef f uslvity(E)  -  /(p«C)  where  p  Is  the 
density,  <  is  the  thermal  conductivity,  and  C  Is  the  thermal  capacity. ] 

When  there  is  no  thermal  mismatch,  heat  flows  uninterrupted  into  the  sample 
bulk;  otherwise  a  portion  of  the  heat  Is  reflected  back  toward  the  sample 
surface,  while  the  remainder  flows  into  the  metal  substrate. 


One- dimensional  excitation 

tit  t  t 

Air 

Thin  film  coatiny 

x .  C,  |i 

Region  1 

_  ,  , 

Metal  substrate 

■  Ks- 

k  =  Optical  absorption  coefficient 
0  =  Thermal  conductivity 
Region  2  C  -  Thermal  capacity 


Fig.  1  Thermal  model  used  in  this  paper  -  thin  coating  of  thickness  c  on 
a  thermally  thick  substrate;  planer  geometry. 

If  the  thermal  bonding  of  the  coating  to  the  metal  is  good,  the 
magnitude  of  this  reflection  is  determined  by  the  ratio  of  the  thermal 
effusivities  of  the  coating  and  the  base  metal.  If  the  thermal  bond  is  not 
good,  e.g. ,  a  void  exists,  a  large  heat  reflection  can  be  produced  by  the 
thermal  barrier  associated  with  the  disbonding.  For  partial  bonding,  the 
amount  of  heat  reflection  lies  between  these  extremes. 

The  time,  t,  that  it  takes  for  the  reflected  heat  to  return  to  the 
sample  surface  depends  upon  the  thermal  <lif  fttslvl  ty  (*  x/pC)  of  the 
coating,  the  coating  thickness,  and  the  distribution  of  heat  generated  in 
the  coating  (if  the  coating  is  not  perfectly  opaque). 

The  effect  of  heat  reflection  can  be  seen  in  Fig.  2.  The  particular 
curve  Identified  as  E^/Ej-1  Is  the  decay  pattern  of  the  surface  temperature 
when  there  is  no  thermal  mismatch  between  the  coating  and  the  metal  sub¬ 
strate  (or  if  the  coating  were  thermally  thick).  The  drop  in  surface 
temperature  is  caused  by  thermal  diffusion  Into  the  coating  bulk.  The 
Initial  decay  pattern  corresponds  to  diffusion  in  the  coating  and  is  the 
same  for  all  thermal  mismatches.  At  longer  times,  the  transit  time,  t,  is 
approached  ai.d  the  surface  temperature  decay  pattern  deviates  from  the 
decay  pattern  of  the  thick  specimen.  The  direction  of  the  deviation 
depends  upon  whether  the  metal  Is  a  better  or  worse  conductor  than  the 
coating,  while  the  magnitude  of  the  deviation  depends  upon  the  magnitude  of 
the  thermal  effusivity  ratio.  Since  the  temporal  surface  temperature  decay 
pattern  is  affected  by  coating  thickness  and  by  bonding  quality,  a  study  of 
this  pattern  potentially  provides  a  means  for  determining  botli  of  these 
quantities. 

Vie  use  phototherran  1  radlometry  to  measure  surface  temperature.  'Ihe 
general  features  of  this  method  are  seen  in  Fig.  3.  Details  of  the  method 
can  be  found  in  References  1-3  for  both  CW  and  pulsed  illumination. 

IR  radlometry  theoretically  measures  the  temperature  at  a  point  on  the 
sample  surface;  In  actuality,  It  measures  the  temperature  integrated  over  a 
small  area  on  the  sample  surface  determined  by  the  spatial  resolution  of 
the  detector.  The  surface  radiance  of  the  heated  sample  (see  Fig.  4a) 
varies  with  specimen  temperature  and  LR  wavelength.  The  Incremental  change 
in  radiance  with  changes  in  specimen  temperature  is  shown  in  Fig.  4b.  This 
example  corresponds  to  the  experiment  reported  here  where  a  change  In 
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Fig.  2  Theoretical  time  dependent  surface  temperature  following  an 

Instantaneous  pulse  for  several  ratios  of  coating  and  substrate 
thermal  effusivity. 

specimen  temperature  is  induced  by  modulated  laser  heating  and  the 
resultant  change  in  IR  emission  is  monitored.  While  the  radiance,  L(t),  is 
proportional  to  the  fourth  power  of  temperature,  L(t)  =  e(X)  o  ,  the 
change  in  radiance  with  temperature,  &L(t),  Is  linear  w^th  the  change  in 
surface  temperature,  AT,  for  small  AT,  i.e.,  A I ( t )  -  4  T  AT.  For 
homogeneous  materials  (no  coating)  the  time  dependent  signal  obtained  from 
the  IR  detector  is  proportional  to  the  excess  surface  temperature, 

00 

T  (z=(J,t)  =*  (ntcpC)  1  2  /  expl~8z-z2/4at]  dz 
8  0 
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Fig.  3  .  Experimental  IR  radiometer  arrangement  used  to  obtain  temperature 
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a)  Spectral  radiance  of  a  black,  body,  b)  First  partial  derivative 
of  spectral  radiance  of  a  blackjbody  with  respect  to  teivverature. 

where  6  la  the  optical  absorption  coefficient,  a  Is  the  thermal  dif- 
fuslvlty,  and  C  is  the  thermal  capacity.  Hie  first  exponential  factor  Is 
the  heat-source  profile  (with  depth)  in  the  sample  and  the  second  factor 
Introduces  the  diffusion  time,  z2/4u  needed  for  the  heat  to  flow  from  a 
depth  z  to  the  sample  surface. 

EXPERIMENTAL  RESULTS 

Using  the  experimental  set-up  of  Fig.  3,  we  have  measured  the  thermal 
response  under  pulsed  heating  of  the  three  samples  described  above.  The 
laser  was  a  30  mJ  Nd:Yag  laser  with  a  pulse  width  of  approximately  7x10" 
sec  (Fig.  5),  which  is  short  compared  with  the  thermal  response  of  the 
coated  and  uncoated  samples.  The  1R  detector  used  was  a  LN2  cooled  HgCdTe 
detector  with  a  20  MHz  bandwidth  and  data  was  stored  in  a  Data  Precision 
Model  6000  transient  analyzer  with  a  100  MHz  digitizing  rate. 

Figure  6  shows  the  thermal  response  for  the  coated  ends  of  the  three 
samples  while  Fig.  7  shows  the  corresponding  curve  for  the  three  uncoated 
ends.  The  IR  emission  from  the  uncoated  samples  peak  at  essentially  the 
same  time  while  the  emission  from  the  coated  samples  shows  distinct  delays 
which  are  correlated  with  coating  thickness.  Hie  different  response 
■patterns  for  coated  and  uncoated  samples  is  also  evident  in  Fig.  8  (for 
DC#13).  This  result  is  typical  of  the  response  patterns  for  the  other 
samples,  with  the  coated  sample  peaking  later  than  the  uncoated  sample. 

One  factor  affecting  these  results  is  the  coating  structure  and  topo¬ 
graphy  which  results  in  non-uniform  coating  properties  and  thickness. 
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Fig.  5  Intensity  of  a  30  mJ  Nd:Yag  laser  pulse  used  to  heat  samples. 

Profilometer  scans  show  variations  ranging  up  to  25X  of  the  nominal  coating 
thickness  across  the  specimen  with  occasional  variations  even  greater. 
Coating  nonuniformity  is  evident  in  Figure  9a, b  (for  DC#I2)  which  shows  an 
apparent  porous,  "spongy"  texture  of  the  coating  surface.  These  figures 
are  two  optical  microscope  views  of  the  coating  surface  focused  respec¬ 
tively  at  the  top  and  bottom  visible  layer  of  the  coating.  The  estimated 
texture  height  from  this  measurement  is  15  microns. 

The  "porous"  appearance  of  the  coating  surface  suggests  that  this  is 
the  origin  of  the  delay  of  the  thermal  peak  In  the  coated  samples. 

Incident  radiation  is  absorbed  within  the  porous  structure,  and  1R  emission 
would  emerge  from  a  range  of  sites.  Diffusion  processes  would  also  be 
affected  with  a  more  complex  process  related  to  the  reduced  dimensionality 
of  the  layers  occuring.  Quantitative  treatment  of  these  Issues  requires 
more  analysis,  which  is  in  progress. 


Fig.  6  IR  thermal  response  pattern  of  three  III  738  specimens  DC  12,  13, 
15  (Alpak)  coating.  Nominal  thickness  2.1),  1.5,  2.5  mils. 


1  g.  7  IR  thermal  response  pattern  of  three  uncoated  specimens  of  IN 
738.  DC  12,  13,  15. 


Fig.  8  Thermal  response  pattern  of  specimen  UC#13  showing  coated  and 
uncoated  response.  This  result  was  typical  of  the  response 
pattern  for  the  other  specimens. 


ANALYSIS  OF  HEAT  FLOW  IN  THIN  FILMS 

The  surface  temperature  of  a  homogeneous  uncoated  material  Is  modified 
when  a  thin  film  coating  is  applied.  If  the  coating  is  opaque  or  near 
opaque,  the  optical  absorption  coefficient  of  the  coating  governs  the 
source  profile  of  heat  generation  rather  than  the  optical  absorption  coef¬ 
ficient  of  the  sample.  If  the  substrate  is  thermally  thick,  its  thermal 
properties  affect  the  thermal  mismatch  at  the  coating-substrate  interface, 
however,  the  time  for  heat  diffusion  back  to  the  coating  surface  is  deter¬ 
mined  by  the  thermal  diffusivity  of  the  coating  and  not  the  substrate 
diffu8ivlty.  When  the  sample  is  porous  and  specimen  structure  need  be 
considered,  a  statistical  approach  must  replace  the  deterministic  approach 
used  here.  The  present  analysis  does  not  accommodate  this  case. 

The  excess  surface  temperature  of  an  almost  opaque  coated  material 
heated  by  a  spatially  uniform  temporal  pulse  is  given  by  the  expression, 


Logarithmic  slop**:  Surface  temp  vs.  time 


E  -  EMusivity 
f  =  Film  b  =  Bulk 


tn  *  Normalized  time  =  time/tg 
tg  *  (Film  thickness) 2 /film  diffusivity 


1g.  9  Two  optical  microscope  views  of  the  coating  surface  focused  at  the 
top  and  bottom  visible  layers  of  the  coating,  respectively. 
Estimated  texture  height,  15  microns. 
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Fig,  10  Logarithmic  derivative  of  the  temperature  patterns  in  Figure  1  vs. 

time.  The  curves  peaks  (or  troughs)  in  the  vicinity  of  the  time, 
t=  c2/<*. 


£  CO 
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where  t  *  £  /a.  Q  Is  the  coating  thickness,  a,  the  coating  thermal 
dlffusivity,  0,  the  coating  optical  absorption  coefficient, 
r  ■  [1  -  E  /E  ]  /  [1  +  E  /E  1,  and  Eg  and  Ec  are  the  sample  and  coating 
thermal  ef fusJvities,  respectively. 

The  sum  in  the  equation  represents  successive  thermal  reflections 
between  the  upper  and  lower  coating  surfaces.  The  temperature  decay 
patterns  obtained  from  this  expression  for  a  fully  opaque  coating  are  shown 
in  Fig.  2.  The  decay  patterns  in  this  figure  are  different  for  different 
thermal  mismatches,  but  to  ascertain  the  coating  thickness  or  thermal  mis¬ 
match  from  this  pattern  would  involve  a  difficult  task  of  curve  fitting.  A 
more  convenient  method  way  to  obtain  this  information  is  to  measure  the 
logarithmic  derivative  of  this  decay  (Fig.  10).  As  seen  in  this  figure,  the 
derivative's  peak  or  trough  always  occurs  close  to  the  time,  t  *  t  ,  from 
which  the  sample  thickness  can  be  obtained  if  the  coating  thermal  $lf- 
fusivity  is  known.  It  is  also  evident  from  this  figure  that  a  thermal 
approach  to  characterizing  film  thickness  requires  the  thermal  mismatch 
between  coating  and  sample  to  be  significant. 

This  work  has  been  jointly  supported  by  the  Army  Research  Office  and 
the  Naval  Sea  Systems  Command  under  Contract  No.  N00024-85-C-5301  (ARO  Nbr. 
21066-MS). 
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Image  Contrast  Processes  in  Thermal  and 
['  ■  Thermoacoustic  Imaging 

H  JOHN  C.  MURPHY,  JANE  W.  MACLACHLAN,  and  LEONARD  C.  AAMODT 


f -v  Abstract—  Recent  developments  in  thermal  wave  or  more  generally 
Undulated  source  imaging  using  laser-,  electron-,  and  ion-beam 
sources  are  discussed.  Thermal  wave  imaging  is  further  classified  on 
gkr  basis  of  the  type  of  detection  process  used,  and  recent  work  relating 
^contrast  mechanisms  in  the  several  classes  of  thermal  imaging  is 
^oAcussed. 

fJjPHERMAL  WAVE  IMAGING  (TWI)  is  a  term  that 
qJL  encompasses  a  family  of  imaging  methods  with  im¬ 
portant  applications  for  materials  characterization  and  for 
nondestructive  evaluation  of  materials.  It  has  already 
;-]ade  contributions  to  understanding  structural  materials 
'including  metals,  ceramics,  and  composites  and  elec¬ 
tronic  materials  and  devices.  In  addition,  it  has  applica¬ 
tion  to  polymers  and  related  organic  systems.  A  number 
li«  review  papers  have  been  written  covering  aspects  of 
the  field  including  recent  works  by  Busse  [1],  Rosencwaig 
L\],  and  Bimbaum  and  White  [3]. 

‘.-Thermal  wave  imaging  techniques  are  characterized  by 
the  use  of  a  modulated  excitation  source,  which  produces 
^change  in  specimen  temperature.  Imaging  methods  may 
£  distinguished  by  the  excitation  source  used  and  by  the 
method  of  detecting  temperature  changes  in  the  specimen. 
Jmage  contrast  depends  on  spatial  variations  in  specimen 
l\bperties  and  how  these  variations  are  converted  into  a 
H'.ieasured  signal  by  the  specific  detection  method  chosen. 
This  paper  reviews  some  of  the  information  presently 

Bailable  about  image  formation  and  image  contrast  in 
VI.  It  also  summarizes  recent  experimental  studies 
which  contribute  to  an  understanding  of  the  role  thermal 
thermoelastic  contrast  mechanisms  play  in  TWI.  Im- 
^es  obtained  by  “thermoelastic”  thermal  wave  methods 
are  compared  with  those  obtained  by  purely  “thermal” 
methods.  Thermal  methods  are  those  where  the  detected 
X^nal  depends  primarily  on  the  surface  or  bulk  tempera- 
"tdre  of  the  specimen.  Thermoelastic  methods  are  those 
where  the  signal  depends  on  specimen  temperature 
-l‘>ough  the  temperature-dependent  elastic  properties  of 
’■ie  specimen. 

%  Survey  of  Thermal  Wave  Imaging  Techniques 

’vFig.  1  is  a  composite  sketch  representing  mpsl  of  the 
major  thermal  wave  imaging  methods.  Absent  from  the 
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figure  is.the  method  titled  scanning  photoacoustic  micros¬ 
copy  (SPAM).  This  was  the  first  of  the  recent  series  of 
TWI  methods  to  be  developed  [4],  [5]  and  stemmed  di¬ 
rectly  from  photoacoustic  spectroscopy  using  the  gas  mi¬ 
crophone.  Its  use  of  an  enclosed  cell  makes  it  inconve¬ 
nient  for  many  specimens.  The  sample  shown  in  Fig.  1  is 
opaque  to  the  incident  beam  but  TWI  techniques  are  also 
applicable  to  transparent  specimens  with  modification  of 
the  experimental  geometry  [6],  In  Fig.  1  a  modulated  ex¬ 
citation  beam  is  shown  vertically  incident  on  a  specimen. 
This  beam  would  typically  be  a  laser  or  particle  (e.g., 
electron  or  ion)  beam  but  could  also  be  a  microwave  beam 
[7],  [8]  or  a  sound  beam  [9],  Other  modulated  heating 
methods  which  have  been  used  include  a  resistively  heated 
source  attached  to  the  sample  [10]  and  induction  heating 
[11].  In  all  cases  the  beam  changes  the  specimen  temper¬ 
ature  directly  via  the  beam-specimen  interaction  and  in¬ 
directly  via  thermal  or  mass  diffusion.  * 

Several  detection  methods  are  identified  in  Fig.  1.  Op¬ 
tical  beam  deflection  (OBD)  or  “mirage”  detection 
(Method  1)  is  represented  by  the  surface  skimming  probe 
ray  traveling  through  a  gas  or  liquid  in  thermal  contact 
with  the  surface  of  the  sample.  This  ray  is  deflected  by 
time-dependent  refractive  index  variations  in  the  fluid 
caused  by  heat  transfer  from  the  specimen  [12],  [13],  [14], 
The  deflection  is  measured  by  a  position-sensitive  optical 
detector,  either  a  sectored  quadrant  detector,  a  lateral  de¬ 
tector  or  a  conventional  optical  detector  apertured  by  a 
knife  edge. 

Fig.  2  is  a  representation  of  the  geometry  of  the  OBD 
process  showing  in  further  detail  both  the  excitation  and 
probe  laser  beams  with  a  relative  displacement  of  the  two 
beam  centers.  Two  deflection  components  exist,  one  in 
the  plane  defined  by  the  probe  ray  and  the  normal  to  the 
specimen  surface  (normal  component)  and  the  second  or¬ 
thogonal  to  that  plane  (transverse  component)  [14],  [15]. 
For  radially  symmetric  beams  and  isotropic  specimens  the 
amplitude  of  the  transverse  signal  is  zero  for  intersecting 
beams.  In  this  configuration  the  transverse  component  is 
a  sensitive  monitor  of  thermal  anisotropy  in  the  specimen. 
For  all  relative  positions  of  the  beams,  the  normal  deflec¬ 
tion  has  been  shown  to  be  sensitive  to  changes  in  speci¬ 
men  surface  temperature,  while  the  transverse  component 
is  sensitive  to  the  component  of  the  specimen  temperature 
gradient  orthogonal  to  the  probe  ray  [15].  While  this  de¬ 
scription  of  the  OBD  imaging  process  assumes  a  localized 
excitation  source,  the  probe  beam  detection  is  localized 
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Fig.  1 .  Composite  sketch  summarizing  several  thermal  wave  imaging  methods  (1)  optical  beam  deflection;  (2)  reflective  optical 
beam  deflection;  (3)  IR  radiometric;  and  (4)  thermoelastic  (transducer  or  interferometric). 
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Fig.  2.  Schematic  of  the  optical  beam  deflection  imaging  method  showing  the  two  deflection  components  mentioned  in  the  text 


as  well.  The  probe  signal  is  an  integral  of  the  deflection 
along  the  ray  path  over  the  sample.  While  this  localization 
is  only  in  two  dimensions,  it  still  allows  imaging  using  a 
nonlocal ized  source.  Measurement  with  two  probes  beams 
angularly  displaced  permits  reconstruction  of  the  speci¬ 
men  surface  temperature  distribution  by  a  method  some¬ 
what  resembling  X-ray  tomography  [16]. 

Reflective  optical  beam  deflection  (method  2)  [17], 
[18],  [19]  is  represented  by  the  vertically  oriented  probe 
ray.  This  ray  is  shown  to  be  approximately  parallel  to  the 
excitation  beam  in  the  figure  and  passes  through  the  ther¬ 
mal  lens  region  discussed.  The  deflection  of  this  ray  is 
detected  by  a  position-sensitive  optical  detector  after  re¬ 
flection  from  the  specimen  surface.  The  figure  shows  that 


the  position  of  the  reflected  beam  is  affected  also  by  a 
thermally  induced  deformation  of  the  specimen  produced 
locally  near  the  region  where  heating  occurs.  Image  for¬ 
mation  may  involve  1)  thermal  modulation  of  specimet 
reflectivity  (thermoreflectance)  [20],  2)  deflection  asso¬ 
ciated  with  surface  deformation,  or  3)  deflection  associ 
ated  with  thermal  lens  formation  in  the  gas  (or  in  the  sam¬ 
ple  in  nonopaque  materials).  The  thermoreflectance  and 
thermal  lens  deflection  are  viewed  as  “thermal”  method! 
in  the  context  of  this  paper:  while  the  surface  deflectioi 
is  viewed  as  thermoelastic  since  it  involves  elastic  prop¬ 
erties  of  the  solid. 

Another  method  which  also  monitors  thermally  induced 
surface  deformation  is  optical  interferometry  [21],  [22] 
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This  method  monitors  the  vertical  component  of  sample 
surface  displacement.  It  is  complementary  to  the  reflec¬ 
tive  optical  beam  deflection  imaging  in  that  interferome¬ 
try  detects  the  vertical  displacement  of  the  surface  defor¬ 
mation  of  the  specimen  while  the  optical  beam  deflection 
detects  the  angular  tilt  of  the  surface. 

Photothermal  radiometry  (PTR)  (Method  3)  is  based  on 
the  enhanced  1R  emission  of  a  heated  object  [23 1- [ 25 1 . 
This  thermal  method  has  the  features  of  being  noncon¬ 
tacting  and  capable  of  parallel  acquisition  of  the  spatially- 
resolved  surface  temperature  by  using  devices  such  as  de¬ 
tector  arrays  or  pyrovidicons.  Photothermal  radiometry 
has  been  applied  to  a  range  of  topics  including  measure¬ 
ment  of  thin-film  thickness  on  refractory  metals  [261  and 
studies  of  thermal  structures  of  layered  materials  [27|.  In¬ 
frared  detection  in  a  scanning  electron  microscope  has 
been  applied  to  a  study  of  subsurface  structures  in  silicon 
(28) .  Advances  in  pyroelectric  detector  design  have  been 
made  which  employ  thin  polymer  films  of  /3-polyvinyl- 
idene  difluoride  (PVDF)  [29].  The  low  thermal  mass  of 
these  detectors  allows  nanosecond  range  thermal  response 
times  to  be  achieved. 

PTR  has  the  potentially  important  feature  of  also  pro¬ 
viding  image  contrast  through  spatial  variations  in  emis- 
sivity.  The  dependence  of  PTR  on  emissivity  effects  dis¬ 
tinguishes  it  from  other  thermal  methods  such  as  OBD. 
Several  methods  have  been  developed  to  make  emissivity- 
independent  PTR  measurements  in  order  to  emphasize 
subsurface  thermal  structures.  An  early  work  by  Green 
130[,  the  dual  scan  technique,  minimizes  emissivity  ef- 
fectc  _>y  using  the  ratio  of  early-time  and  late-time  mea¬ 
surements  of  specimen  irradiance.  A  second  method  by 
Dallaire  and  Cielo  [31)  uses  a  hemispherical  cavity  to 
minimize  effects  of  specimen  emissivity.  Other  methods 
of  minimizing  emissivity  effects  in  PTR  imaging  include 
dual-wavelength  detection  (32).  In  experimental  compar¬ 
isons  of  thermal  and  thermoelastic  contrast  described  later 
in  this  paper,  the  thermal  method  chosen  is  OBD.  Ex¬ 
cluding  emissivity  effects,  the  conclusions  reached  there 
should  apply  to  PTR  imaging  as  well. 

The  fourth  method  shown  in  Fig.  1  involves  detection 
of  the  thermoelastic  stress  using  an  attached  transducer 
[33|-|36|  or  an  optical  interferometer  [ 37 1 .  1 38 1  placed  at 
a  point  on  the  sample  removed  from  the  point  of  heating. 
While  the  detector  position  shown  in  the  figure  is  on  the 
side  of  the  sample  opposite  to  that  illuminated  by  the  ex¬ 
citing  beam,  other  geometries  are  possible  and  may  offer 
some  advantages  in  specific  applications.  Method  4  is  a 
thermoelastic  imaging  method  since  it  involves  both  the 
temperature  field  in  the  sample  and  the  elastic  and  ther¬ 
moelastic  response  of  the  sample  in  the  signal  formation 
process.  A  wide  range  of  attached  transducers  can  be  ap¬ 
plied  to  thermoelastic  imaging.  In  the  discussion  of  con¬ 
trast  mechanisms  later  in  this  paper,  data  collected  using 
several  types  of  transducers  will  be  presented.  These 
transducers  include  an  MBS  conical  transducer  developed 
for  acoustic  emission  studies  [39],  a  commercial  0.5  MHz 
ultrasonic  transducer,  and  a  transducer  fabricated  from  a 


PZT-5A  ceramic  wafer  I  cm  in  diameter  and  in  an  alu 
minum  housing.  The  NBS  conical  transducer  has  been 
shown  to  be  a  nearly  ideal  displacement  sensor  lor  still 
materials  including  metals  and  ceramics  It  contacts  the 
specimen  over  an  area  of  1  mm  in  diameter  and  hence 
provides  localized  detection  capability.  Other  transducers 
with  much  larger  contact  area  give  a  response  that  corre¬ 
sponds  to  an  integration  over  this  larger  area.  Recently. 
Kubota  and  Murai  [40]  have  used  an  array  of  transducers 
fabricated  on  a  single  block  of  piezosensitive  material  to 
demonstrate  the  localization  of  laser-acoustic  response  in 
silicon.  Other  novel  transducers  fabricated  from  PVDF 
[41]  and  ZnO  (42)  allow  measurement  of  thermoelastic 
response  over  time  scales  on  the  order  of  nanoseconds. 
The  use  of  excitation  sources  such  as  pulsed  lasers  and 
rapidly-blanked  electron  beams  [43]  along  with  such 
transducers  allows  time-resolved  thermoelastic  measure¬ 
ments  to  be  made  over  significantly  shorter  times. 

The  wide  range  of  thermal  wave  imaging  techniques  de¬ 
scribed  in  this  section  can  be  implemented  in  a  number  of 
experimental  configurations.  Fig.  3  is  a  block  diagram  of 
an  experimental  setup  which  can  be  used  for  either  elec¬ 
tron  or  ion  beam  excitation  and  attached  transducer  detec¬ 
tion.  Note  that  the  specimen  current  can  be  monitored 
simultaneously.  Experiments  involving  combined  detec¬ 
tion  methods  for  the  purpose  of  comparing  contrast  can 
be  carried  out  with  a  system  such  as  that  shown  in  Fig.  4, 
which  incorporates  both  attached-transducer  and  optical- 
beam  deflection. 

There  are  certain  general  analytical  techniques  appli¬ 
cable  to  all  imaging  methods.  These  include  Hadamard 
transform  techniques  for  specimen  illumination  [44], 
Transform  techniques  were  developed  for  spectroscopic 
applications  in  order  to  improve  the  signal-to-noise  ratio 
(SNR)  and  data  acquisition  time  for  systems  where  the 
system  SNR  is  determined  by  detector  noise.  This  noise 
characteristic  is  a  general  feature  of  all  thermal  detection 
systems.  Hence  spatial  transform  methods  offer  advan¬ 
tages  in  throughput  and  SNR  over  conventional  scanning 
systems  in  TWI. 

Similarly,  transform  techniques  in  the  time  domain  have 
been  shown  by  Sugitani  to  offer  advantages  in  determin¬ 
ing  the  frequency  response  of  thermal  systems  in  spec¬ 
troscopy  applications  |45],  [46).  These  methods  have  been 
subsequently  applied  to  imaging  [47).  These  techniques 
are  analogous  to  the  spatial  transform  methods  since  wide 
band  spectral  excitation  is  used  and  the  frequency  re¬ 
sponse  of  the  system  is  extracted  by  analysis  from  the 
broad  band  response  of  the  system.  Analysis  of  TW  im¬ 
ages  using  optical  Fourier  transform  concepts  has  also 
been  made  |4S). 

Thiokuk  ai.  Bu  MiRot  no 

Thermal  imaging  involves  production  and  detection  of 
temperature  changes  in  a  specimen  in  accordance  with  ( 1 ). 
the  three-dimensional  thermal  diffusion  equation  with 
sources.  xuh|ect  to  appropriate  boundary  conditions  |49), 
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Fig.  3.  Block  diagram  of  electron  or  ion  acoustic  detection  system  showing  simultaneous  detection  of  specimen  current. 


Fig.  4.  Block  diagram  of  laser  source  optical  beam  deflection  and  acoustic  imaging  system. 


[50],  [51] 


-t 


er 


V'T-  a  —  =  - 


H(r,  t) 


dr 


(1) 


Here  a  =  x/pC  is  the  thermal  diffusivity  (with  the  thermal 
conductivity  x,  the  density  p,  the  specific  heat  C),  and  H(r, 
t )  is  the  energy  input  from  the  source.  In  general.  H  ex¬ 
tends  throughout  the  specimen  volume.  For  strongly  ab¬ 
sorbing  specimens  H  may  only  be  significant  near  the 
specimen  surface. 

The  thermal  diffusion  equation  may  be  solved  for  Ts{. x, 
y)  and  TB(x,  y,  z),  the  surface  and  bulk  specimen  temper¬ 
atures,  respectively,  fora  number  of  special  cases.  A  par¬ 
tial  list  of  such  cases,  which  have  been  analyzed  from  the 
thermal  imaging  perspective,  includes  homogeneous 
plates  of  arbitrary  thickness  [15],  vertically  layered  ma¬ 
terials  with  arbitrary  numbers  of  layers  [52],  [53],  [54], 
and  rectangular  parallelpipeds.  where  the  lateral  dimen¬ 
sions  of  the  specimen  establish  thermal  boundary  condi¬ 
tions  for  the  diffusion  process  [55].  These  boundary  con¬ 
ditions  have  allowed  some  choice  of  the  degree  of  thermal 


isolation  assumed.  In  the  majority  of  cases  considered  the 
modulated  temperature  excursions  have  been  assumed  to 
be  small  enough  that  the  thermal  parameters  could  be  as¬ 
sumed  independent  of  temperature.  Recently,  some  work 
has  been  conducted  on  nonlinear  thermal  and  thermo¬ 
acoustic  imaging  [56],  [57],  [58],  where  this  assumption 
is  not  made. 

Solutions  of  (1)  have  also  been  obtained  in  plate  sam¬ 
ples  for  thermal  wave  scattering  from  sample  defects  such 
as  voids  and  cracks  [59],  A  preliminary  nonscattering 
analysis  of  a  general  heterogeneous  material  with  spa¬ 
tially  varying  thermal  characteristics  [60]  and  analysis  of 
granular  specimens  has  been  made  [61]. 

These  analyses  lead  to  a  determination  of  TB  and  Ts  as 
functions  of  position  and  time,  or  for  CW  modulation,  as 
a  function  of  u>,  the  angular  modulation  frequency.  For 
opaque  solids  most  thermal  imaging  techniques  depend 
directly  on  7j.  InOBD  imaging,  for  example,  (here  is  heat 
transfer  from  the  specimen  surface  to  the  adjacent  fluid 
and  the  specimen  parameters  are  reflected  in  the  image 
through  changes  in  7,.  This  dependence  on  7,  makes  ther- 
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*  inal  diffusion  an  integral  part  of  the  imaging  process  if 
subsurface  details  of  the  specimen  are  of  interest  and  con- 
K  sequently  makes  the  process  intrinsically  restricted  to  long 
£•  observation  times  or  low  modulation  frequencies. 

When  thermoelastically  produced  stress  and  resulting 

K  displacement  is  detected,  however,  the  analysis  is  modi¬ 
fied  [51].  The  thermal  diffusion  and  elastic  wave  equa¬ 
tions  coupled  by  thermoeiastic  interactions  are  repre- 
nr  sented  by 


_1_  _  i  (J  I  . . 

V  */  -  a  — - n  div  u  =  — 

dt 


H(r ,  /) 


pV2u  +  (X  +  n)  grad  div  u  =  pu  +  y  grad  T  (2b) 

with  r)  =  (yhc)  T0 ;  y  =  (3X  —  2p)  ar  where  aT  is  the  linear 
thermal  expansion  coefficient,  u  is  the  particle  displace¬ 
ment,  X  and  p  are  the  Lame  constants,  and  T0  is  the  ref¬ 
erence  temperature  of  the  specimen.  Equation  (2a)  differs 
from  (1)  by  the  addition  of  the  term  rj  div  u.  This  term 
represents  heat  produced  by  particle  displacements  asso¬ 
ciated  with  an  elastic  wave.  It  can  usually  be  neglected. 
These  equations  must  be  solved  subject  both  to  thermal 
and  mechanical  boundary  conditions  and  in  the  extreme 
near-field  limit.  That  is,  for  most  specimens  of  interest  to 
thermal  wave  imaging,  the  specimen’s  elastic  response  is 
y  detected  within  one  acoustic  wavelength  of  the  place 


detected  at  greater  depths  in  thermoeiastic  imaging  than 
in  thermal  imaging.  Since  temperature  changes  in  the 
specimen  directly  generate  stress  which  is  detectable  by 
the  transducer,  the  role  of  thermal  diffusion  in  the  signal 
generation  process  is  reduced.  Some  increase  in  modula¬ 
tion  frequency  and  hence  scanning  rate  may  be  made. 

Image  Contrast  Mechanisms 

A  number  of  potential  contrast  mechanisms  have  been 
identified  and  some  controversy  has  existed  over  their  rel¬ 
ative  importance,  especially  for  the  thermoeiastic  case. 
This  issue  is  further  complicated  by  an  apparent  contrast 
mechanism,  which  is  related  to  visual  processing  in  the 
brain  (Craik-O’Brien  effect)  [75].  It  induces  apparent 
contrast  between  areas  on  either  side  of  a  visible  boundary 
which  is  not  observed  in  numerical  processing  of  the  im¬ 
age  data.  This  effect  is  seen  in  SEAM  images  of  grain 
structure  in  aluminum  and  is  presumably  a  common  fea¬ 
ture  of  other  images.  When  viewing  TWI  images  with 
strong  boundary  contrast,  care  must  be  taken  to  ensure 
that  this  effect  does  not  influence  the  interpretation  of  the 
image. 

Beam-Specimen  Contrast 

Beam-specimen  interactions  are  an  important  source  of 
image  contrast.  For  optical  sources  this  is  manifested  by 


where  excitation  occurs.  No  satisfactory  solution  of  this 
problem  is  available  for  the  CW  case.  Some  progress  has 
been  made  for  larger  specimens  under  pulsed-laser  heat¬ 
ing.  The  analytical  development  has  involved  work  by 
Scruby  et  al.  [62],  [63],  Dewhurst  et  al.  [64],  and  a  more 
recent  theoretical  development  by  Rose  [65].  Kino  and 
Steams  [66]  have  also  presented  an  analysis  of  elastic 
wave  generation  in  solids  which  is  applicable  to  imaging. 
Comparison  of  the  calculated  surface  displacements  with 
experimental  results  has  been  made  in  some  cases  [62], 
[63].  Much  of  this  work  draws  on  the  theoretical  devel¬ 
opment  of  elastic  wave  propagation  in  plates  initiated  by 
mechanical  step  unloadings  [67]-[71].  Also,  some  devel¬ 
opments  of  one-dimensional  models  of  elastic  wave  gen¬ 
eration  have  been  presented  [72],  Preliminary  imaging 
applications  of  time-domain  laser  acoustic  measurements 
have  included  location  and  sizing  of  buried,  flat-bottomed 
holes  in  plates  [73],  and  delaminations  in  composites  [74], 
Rose  [65]  has  developed  formal  solutions  for  surface 
stress  and  displacement  for  a  specimen  illufninated  by  a 
delta  function  source.  These  results  are  in  reasonable 
agreement  with  measurements  made  on  laser  generated 
ultrasound.  In  addition  he  has  obtained  some  results  for  a 
periodic  source  in  the  far-field  limit.  Unfortunately,  this 
is  not  the  limit  important  for  many  of  the  current  ther¬ 
moeiastic  imaging  studies. 

It  is  important  to  note  that  for  opaque  solids  where  only 
surface  heating  exists,  the  signal  depends  on  an  integral 
over  the  specimen  volume  affected  by  thermal  diffusion, 
i.e.,  Tb  contributes  to  the  image  directly  and  not  merely 
indirectly  through  its  effect  on  T ,.  This  result  provides  the 
basis  for  the  observation  that  subsurface  features  can  be 


a  spatial  dependence  of  the  optical  absorption  or  the  re¬ 
flectivity,  either  of  which  may  be  wavelength  dependent. 
For  specimens  which  show  photochemical  or  photocata- 
lyttc  activity,  spatial  variations  in  relaxation  rate  can  con¬ 
tribute  to  the  image. 

For  electron  sources,  spatial  variations  in  the  fraction 
of  beam  energy  absorbed  is  a  source  of  beam-specimen 
contrast.  The  volume  over  which  the  beam  is  absorbed  is 
related  to  the  energy  distribution  of  both  secondary  and 
backscattered  electrons.  However,  it  is  the  rate  of  heat 
deposited  in  the  specimen  and  its  spatial  distribution  that 
plays  the  primary  role  in  thermal  wave  imaging.  Mea¬ 
surement  of  the  specimen,  secondary  electron,  and  back- 
scattered  electron  currents  alone  does  not  adequately 
specify  the  signal  generation  process.  Many  of  the  details 
of  this  interaction  have  not  been  established.  As  an  ex¬ 
ample  of  electron  beam-specimen  contrast.  Fig.  5  com¬ 
pares  secondary  electron  (SEM)  and  scanning  electron 
acoustic  microscope  (SEAM)  images  of  a  silicon  IC  for 
two  beam  voltages  (5  keV  and  30  keV)  |76] .  The  NBS 
conical  transducer  was  used  to  detect  the  acoustic  signals. 
At  the  lower  beam  voltage  where  the  interaction  depth  is 
of  the  order  of  0.5p  [77],  both  SEM  and  SEAM  images 
show  similar  structure.  At  the  higher  beam  voltage  (inter¬ 
action  depth  about  9p).  the  SEAM  image  shows  buried 
structure  not  observed  in  the  SEM  image.  In  other  exper¬ 
iments  it  was  found  that  an  origin  of  the  contrast  observed 
in  the  SEAM  images  may  be  spatial  changes  in  electron 
absorption  associated  with  doping.  Thermal  spreading  of 
the  image  is  observed  at  lower  modulation  frequencies. 

Ion  beams  can  be  sources  for  thermal  wave  imaging 
[78],  [79|.  Ion-specimen  interactions  have  been  widely 
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Fig.  5.  Secondary  electron  and  electron-acoustic  images  at  two  primary- 
beam  voltages  showing  beam-specimen  contrast. 

studied  and  ion  bombardment  has  become  an  important 
tool  for  semiconductor  processing  and  surface  treatment 
of  materials  (see  for  example  180],  [81],  [82]).  In  addi¬ 
tion,  ion  beams  have  been  used  as  analytical  tools  in  sput¬ 
tering.  A  literature  has  developed  based  on  imaging  using 
focused  ion  beams  coupled  with  sputter-ion  detection  [83], 
[84],  In  general,  the  details  of  the  interactions  are  com¬ 
plex  and  depend  on  the  ions  used  for  bombardment,  on 
the  composition  of  the  target  and  on  the  incident  ion  en¬ 
ergy,  and  total  dose,  among  other  parameters  [85],  How¬ 
ever,  a  common  characteristic  of  ion  sources  is  the  exis¬ 
tence  of  a  “range”  that  delines  a  depth  in  the  specimen 
at  which  a  substantial  fraction  of  the  energy  in  the  inci¬ 
dent  beam  is  selectively  deposited.  This  raises  the  pros¬ 
pect  that  ions  might  be  depth-selective  piobes  for  mate¬ 
rials  studies  in  imaging  applications. 

In  light  of  the  high  ion  mass  (relative  to  electron  mass) 
and  the  prospect  of  ion-specimen  interactions  specific  to 
some  beam-specimen  combinations,  the  question  of  the 
role  thermal  and  nonthermal  beam-specimen  interactions 
play  in  ion-acoustic  imaging  becomes  important.  One  po¬ 
tential  mechanism  which  has  been  identified  is  acoustic 
wave  generation  caused  by  ion  impact  and  the  related  mo¬ 
mentum  transfer. 

Momentum  transfer  is  thought  to  be  responsible  for  fast- 
ion  beam  recrystallization  of  silicon  [80],  and  here  ther¬ 
mal  contributions  have  been  shown  to  be  relatively  un¬ 


Fig.  6.  Ion-acoustic  signal  dependence  on  beam  current  (a)  and  beam  volt¬ 
age  (b).  A  slope  of  1 .0  is  expected  for  the  voltage  dependence  if  thermal 
effects  dominate  and  0.5  if  momentum  processes  dominate. 

important.  Sputtered  ion  mass  spectroscopy  (SIMS) 
mechanisms  are  also  dominated  by  momentum  transfer  to 
the  specimen  [86],  The  relative  importance  of  momentum 
and  thermal  mechanisms  in  ion-acoustic  signal  genera¬ 
tion  were  investigated  experimentally  by  a  study  of  beam 
voltage  dependence  [78],  Figs.  6(a)  and  (b)  show  the  de¬ 
pendency  of  the  acoustic  signal  in  an  aluminum  specimen 
as  a  function  of  beam  current  and  voltage,  respectively. 
The  relative  importance  of  momentum  and  thermal  pro¬ 
cesses  in  acoustic  generation  should  vary  with  beam 
voltage  VB  since  the  beam  momentum  rate,  PB  = 
N,{2M,qVB)vl ,  where  N,  is  the  ion  fluence,  q  the  specific 
ion  charge,  M,  the  ion  mass,  and  VB  the  beam  voltage. 
The  resulting  total  acoustic  signal  ST  has  both  momentum 
and  thermal  terms: 

St  —  Swam  +  -Sth  =  ACi^l  +  VB 

where  K{  and  K2  are  constants.  For  a  momentum-only 
process  the  slope  in  Fig.  6(b)  would  be  0.5  based  on  this 
relation.  A  thermal  process  would  ideally  have  a  slope  of 
1.0.  In  Fig.  6(a)  the  slope  of  the  acoustic  signal  is  linear 
in  beam  current  (slope  «  1).  However,  in  Fig.  6(b).  the 
slope  of  acoustic  signal  with  beam  voltage  VB  is  approx¬ 
imately  equal  to  0.8.  This  suggests  that  a  strong  thermal 
contribution  is  present.  This  thermal  contribution  exceeds 
that  expected  from  the  relative  importance  of  momentum 
and  thermal  processes  in  sputtering. 
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Fig.  7.  Ion-acoustic  profiles  for  a  sample  containing  a  subsurface  slant 
hole.  At  low  frequencies  thermal  interaction  with  the  hole  causes  a  signal 
increase.  At  high  frequencies  the  signal  generation  process  is  still  ther¬ 
mal  but  the  contrast  interaction  is  nonthermal. 
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Fig.  8.  Electron-acoustic  image  and  line  scans  of  sample  of  buried  slam  hole  in  Al  from  Fig.  7.  Laser  acoustic  line  scans  are 
also  seen.  While  the  modulation  frequency  is  much  higher  than  that  of  Fig.  7,  the  information  is  similar.  Particle  and  laser 
excitation  yield  similar  specimen  response. 


The  dominant  role  of  the  thermal  contribution  under 
specific  experimental  conditions  is  supported  by  line  scan 
and  image  data  comparing  ion,  electron,  and  laser  acous¬ 
tic  signal  contrast  [87] .  It  is  shown  that  ail  three  sources 
give  equivalent  scan  images  as  a  function  of  frequency. 
The  specimen  studied  was  an  aluminum  disk  1  cm  in  di¬ 
ameter  and  3  mm  thick  containing  a  slanted  subsurface 
hole  with  a  diameter  of  1  mm.  Fig.  7  shows  ion  line  scans 
at  constant  slant  hole  depth  for  several  frequencies.  Fig. 
8  shows  image  and  line  scan  data  for  the  same  sample 
using  electron  and  laser  sources  at  higher  frequency  and 
for  a  series  of  slant  hole  depths.  In  all  three  cases,  the 
signal  increases  over  the  hole  for  D/STH  <  1 ,  where  D  is 
the  depth  of  the  slant  hole  at  the  scan  location  and  6TH  = 
(2a/wjia  is  the  thermal  diffusion  length,  with  a  =  x/pC 
and  w  =  2ir/the  angular  modulation  frequency.  As  the 
ratio  of  D/5 rH  increases  (either  by  increasing  the  depth  of 
the  hole  or  decreasing  5  by  increasing  the  frequency),  the 


signal  over  the  hole  decreases  and  two  lobes  develop  ad¬ 
jacent  to  the  hole  position.  The  specifics  of  these  partic¬ 
ular  signal  shapes  are  discussed  in  a  following  section  on 
thermoacoustic  contrast,  but  for  the  purposes  of  the  pre¬ 
sent  discussion  on  beam-specimen  contrast  mechanisms, 
it  is  important  to  note  that  these  signal  shapes  are  inde¬ 
pendent  of  excitation  beam  type,  indicating  a  common 
thermal  signal  generation  mechanism  for  all  sources. 
Therefore  momentum  transfer  does  not  play  a  significant 
role  in  ion-acoustic-imaging  contrast  under  the  conditions 
of  these  experiments. 

Thermal  Contrast 

Thermal  contrast  mechanisms  are  widely  observed  in 
TWI.  They  represent  a  major  aspect  of  current  applica¬ 
tions  of  TWI  to  materials  characterization  and  nonde¬ 
structive  evaluation  of  materials.  In  many  of  these  studies 
the  questions  of  interest  are  the  visualization  of  specimen 
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Fig.  9.  Electron-acoustic  image  of  grains  in  high  purity  aluminum.  Note 
the  presence  of  contrast  at  the  grain  boundaries  and  between  the  interiors 
of  grains.  Some  of  the  interior  contrast  is  due  to  the  Craik-O’Brien  effect, 
(a)  Secondary  electron  image,  (bl  Acoustic  magnitude  image. 
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Fig.  10.  Grain-boundary  images  of  aluminum  grains  as  a  function  of  mod¬ 
ulation  frequency  The  width  varies  as  ui  "\  (al  205.760  kHz.  ib)89.l53 
kHz.  (c)  15.40  kHz. 


microstructure,  location,  and  sizing  of  buried  defects  in 
opaque  solids,  including  cracks  and  voids,  and  the  deter¬ 
mination  of  the  characteristics  of  films  on  a  variety  of 
substrates  including  film  thickness  and  bonding.  It  has 
been  suggested  that  thermal  contrast  mechanisms  are  the 
principal  mechanisms  responsible  for  imaging  of  micro- 
structure  in  SEAM  applications  [2).  The  importance  of 
elastic  anisotropy  and  other  nonthermal  contrast  mecha¬ 
nisms  in  SEAM  imaging  has  been  stressed  by  other  au¬ 
thors  (88),  (89|  in  part  due  to  the  importance  of  elastic 
contrast  in  acoustic  microscopy.  High  contrast  images  of 
grain  boundaries  and  specimen  microstructure  have  been 
observed  in  SAM  and  in  SEAM.  Fig.  9  is  an  example  of 
SEAM  imaging  of  microstructure  obtained  on  a  specimen 
of  polycrystalline  aluminum.  Contrast  between  grain  in¬ 
teriors  and  contrast  at  the  grain  boundaries  are  both  clearly 
observed.  The  dependence  of  the  boundary  width  ob¬ 


served  by  SEAM  on  modulation  frequency  is  shown  in 
Fig.  10.  Fig.  1 1  shows  SEM  image  with  superimposed 
SEAM  line  scans  measured  on  an  aluminum  bicrystal 
where  the  grain  boundary  is  normal  to  the  plane  of  the 
image  |90).  The  precise  position  of  the  grain  boundary  is 
identifiable  in  the  SE  image  due  to  preferential  attack  of 
the  grain  boundary  by  a  chemical  polishing  procedure. 
The  physical  extent  of  this  attack  was  much  smaller  than 
a  thermal  diffusion  length  over  the  frequency  range  stud¬ 
ied  and  did  not  influence  the  SEAM  images.  Data  of  this 
type  were  used  to  construct  the  dependence  of  boundary 
width  on  modulation  frequency  and  the  results  are  shown 
in  Fig.  12.  The  solid  line  indicates  the  thermal  diffusion 
length  in  pure  aluminum  as  a  function  of  u"05.  The  data 
points  indicate  the  HWHM  value  for  the  phase  signal  on 
the  right-hand  side  of  the  boundary  for  the  middle  line 
scan  of  Fig.  I  I  for  a  series  of  five  different  frequencies. 
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Fig.  II.  Secondary  electron  image  with  an  overlay  of  electron-acoustic 
line  scans  taken  on  a  large  bicrystal  of  aluminum,  la)  Log  magnitude, 
(b)  Phase.  The  crystal  was  overetched  to  show  the  boundary.  The  posi¬ 
tion  of  the  scans  is  indicated  by  the  horizontal  lines  in  the  figure.  Data 
for  Fig.  12  used  the  response  on  the  right-hand  side  of  the  boundary 
because  of  the  interfering- subsurface  structure  seen  on  the  left-hand  side. 


Fig.  12.  Plot  of  grain  boundary  width  vs.  ’.  The  solid  line  is  the  ther¬ 
mal  diffusion  length  of  aluminum  calculated  using  a  diffusivity  a  =  1 .0 
cm;  s'1. 

This  indicates  a  definite  thermal  component  to  the  bound¬ 
ary  contrast  observed  in  SEAM  images  of  grain  structure. 
Elastic  contrast  mechanisms  are  not  excluded  from  a  role 
in  microstructural  contrast,  however. 

Thermal  contrast  can  involve  spatial  variations  in  the 
thermal  properties  of  the  specimen,  k  and  pC  and  through 
them,  on  temperature,  composition,  doping  in  the  case  of 
semiconductors,  and  many  other  parameters.  For  homo¬ 
geneous  specimens  these  parameters  may  be  determined 
using  modulated  temperature  methods  through  the  tem¬ 
poral  or  frequency  response  of  the  specimen  temperature. 
The  lateral  measurement  scale  can  be  small.  Thomas  et 
al.  [91]  have  shown  that  OBD  measurements  of  thermal 


diffusivity  can  be  made  on  the  lateral  scale  of  a  focused 
laser  beam.  In  a  modified  form  this  method  might  be  used 
for  spatially  imaging  the  diffusivity  of  relatively  homo¬ 
geneous  specimens.  The  degree  of  homogeneity  required 
[60]  depends  on  the  thermal  detection  method  selected, 
on  the  pump  beam  diameter,  and  on  the  frequency  depen¬ 
dent  complex  thermal  diffusion  length  (6  =  [j2K/uC\u2) 
and  thermal  effusivity  (K  =  [KC]12).  The  potential  spatial 
resolution  of  the  imaging  of  the  thermal  parameters  is  lim¬ 
ited  by  these  considerations. 

Thermal  contrast  also  depends  on  changes  in  the  spec¬ 
imen  temperature  distribution  caused  by  thermal  bound¬ 
aries  [55],  [59],  These  boundaries  can  inhibit  thermal  flow 
in  the  specimen  and  lead  to  localized  increases  in  speci¬ 
men  temperature  [60],  For  many  metal  and  ceramic 
specimens,  the  macroscopic  thermal  parameters  depend 
on  the  microstructure  and  on  the  processing  history  of  the 
material.  Thermal  wave  imaging  may  be  able  to  help  de¬ 
termine  the  contribution  of  the  intrinsic  thermal  property 
values  and  the  thermal  boundarv  impedance  to  the  mac¬ 
roscopic  parameter  values.  However,  relating  image  fea¬ 
tures  to  intrinsic  and  boundary  thermal  contrast  mecha¬ 
nisms  is  difficult.  The  difficulty  of  this  problem  may  be 
visualized  by  imagining  the  grains  in  Fig.  9  shrinking  in 
size  so  that  the  distinction  between  the  contrast  of  the  grain 
interior  and  grain  boundary  disappears.  Hence,  measure¬ 
ment  of  the  intrinsic  material  parameters  requires  mea¬ 
surement  within  a  grain  with  a  temperature  resolution 
smaller  than  the  grain  size.  This  requires  that  the  thermal 
diffusion  length  be  small  enough  (hat  grain  boundary  ef¬ 
fects  can  be  ignored  when  heating  occurs  at  the  grain  cen¬ 
ter.  In  selected  cases  it  may  be  possible  to  determine  by 
imaging  methods  whether  internal  stresses  generated  by 
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specimen  processing  change  the  thermal  parameters  within 
individual  grains. 

As  a  final  note  on  thermal  contrast  effects,  when  the 
modulated  temperature  component  is  high,  the  thermal 
parameters  may  no  longer  be  independent  of  temperature. 
In  this  case  f56]— [58] ,  nonlinear  contrast  mechanisms  may 
be  important.  This  issue  bears  further  study. 

Thermoacoustic  Contrast 

Thermoelastic  contrast  mechanisms  encompass  the 
coupling  of  potentially  anisotropic  elastic  parameters  with 
the  temperature  field  through  the  thermal  expansion  ten¬ 
sor,  all  in  the  presence  of  thermal  and  elastic  boundary 
conditions.  This  problem  is  probably  unsolvable  except 
in  selected  special  cases.  However,  substantial  progress 
has  been  made  in  acoustic  microscopy  in  interpreting  im¬ 
ages  in  terms  of  elastic  parameters  [92]— [94],  Analysis 
has  shown  that  these  images  can  be  interpreted  in  terms 
of  a  surface  wave  generated  by  mode  conversion  of  the 
incident  elastic  wave  and  described  by  the  V(z)  curve, 
where  z  is  the  distance  of  the  acoustic  lens  from  the  spec¬ 
imen.  Scanning  acoustic  microscopy  clearly  shows  the 
presence  of  microstructure  such  as  grains  and  grain 
boundaries  in  metals.  Briggs  [86]  has  noted  the  similarity 
of  acoustic  images  and  electron-acoustic  images  and  has 
suggested  that  elastic  contrast  may  play  a  role  in  SEAM 
imaging. 

The  presence  of  elastic  contrast  mechanisms  in  thermal 
wave  imaging  using  an  attached  transducer  was  demon¬ 
strated  through  experiments  employing  simultaneous  op¬ 
tical  beam  deflection  and  piezoelectric  detection  [87],  [95] 
and  in  SEAM  imaging.  Laser  acoustic  and  normal  deflec¬ 
tion  component  OBD  line  scans  of  an  aluminum  sample 
containing  a  buried  slant  hole  are  shown  in  Fig.  13.  This 
sample  was  used  for  the  comparison  of  excitation  sources 
described  in  a  previous  section.  The  acoustic  detection 
method  senses  the  hole  to  greater  depths  than  the  purely 
thermal  method.  This  result  is  consistent  with  the  pre¬ 
vious  discussion  of  the  role  TB  and  7,  play  in  the  two 
detection  methods.  The  importance  of  nonthermal  con¬ 
trast  mechanisms  in  thermoelastic  imaging  is  shown  by 
Fig.  8  where  a  second  type  of  signal  shape  develops  as 
the  hole  depth  increases.  In  this  figure  the  hole  is  observ¬ 
able  down  to  depths  reaching  to  D/6TH  >  23,  where  D  is 
the  depth  and  6™  is  the  thermal  diffusion  length.  Ringer- 
macher  [96]  has  made  similar  observations.  Neither  TB  or 
T,  are  affected  by  the  presence  of  the  hole  at  such  large 
values  of  DI6yH.  Hence,  the  contrast  mechanism  must  be 
nonthermal. 

A  speculative  explanation  of  these  observations  is  that 
the  angular  distribution  of  the  specimen  stress  response  is 
a  cone  of  approximately  40  degree  cone  angle  peaked  on 
epicenter.  If  this  cone  is  interrupted  by  the  hole  at  varied 
depth,  the  image  of  Fig.  8  is  produced.  The  existence  of 
a  finite  extent  to  the  stress  distribution  is  supported  by 
observations  using  localized  detectors.  In  our  experiments 
an  increase  in  signal  is  observed  when  an  excitation  beam 
passes  over  the  region  of  the  specimen  directly  above  the 
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Fig.  13.  Laser  source- normal  OBD  and  PZT  line  scans  of  a  slant  hole 
specimen.  Thermal  interaction  with  the  buried  hole  is  observed  at  greater 
depths  with  attached  transducer  detection  than  with  OBD  detection. 
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Fig.  14.  (a)  Transverse  deflection  component  optical  beam  deflection  con¬ 
tour  image  showing  a  narrow  vertical  boundary,  (b)  Attached  transducer 
image  (PZT)  of  the  same  region.  Points  labeled  A  allow  registration.  The 
2024  aluminum  sample  consisted  of  two  sections  lapped,  polished, 
clamped  together  with  other  faces,  and  then  polished. 


NBS  conical  transducer.  Also,  Kubota  and  Marai  [32] 
have  conducted  laser-acoustic  experiments  with  a  mono¬ 
lithic  detector  array  on  a  PZT  substrate  and  have  found  a 
very  strong  maximum  in  PZT  signal  when  the  exciting 
beam  was  directly  above  the  active  detector.  Ion-acoustic 
studies  of  other  slant-hole  and  partial-hole  specimens  are 
consistent  with  this  proposal. 

Both  thermal  and  thermoacoustic  contrast  mechanisms 
contribute  to  thermoelastic  imaging  of  vertical  bounda¬ 
ries.  Figs.  14(a)  and  (b)  are  magnitude  images  at  1.1  kHz 
of  a  portion  of  a  sample  containing  a  fabricated  vertical 
crack  for  transverse  OBD  and  PZT  detection,  respectively, 
and  excitation  with  an  Ar*  laser  source.  Registration  of 
the  figures  is  possible  using  the  features  labeled  A  in  each 
figure  [95].  The  local  features  seen  are  probably  iron  and 
manganese  inclusions  in  the  2024  aluminum  alloy. 

The  interface  is  not  visible  in  the  normal  deflection 
magnitude  and  phase  images  but  is  present  in  the  trans- 
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verse  magnitude  and  phase  images.  The  transverse  phase 
image  shows  a  180°  phase  reversal  at  the  boundary  and 
no  signal  related  to  inclusions.  The  PZT  image  closely 
resembled  the  normal  deflection  image  and  gave  no  indi¬ 
cation  of  the  interface. 

The  measurements  were  repeated  using  the  electron 
source  with  the  same  specimen-detector  combination 
without  disrupting  the  bond.  The  frequency  dependence 
observed  for  the  electrons  fits  anu"1  dependence  at  low 
frequencies  and  shows  a  frequency  comer  around  8  kHz. 
No  interface  contrast  is  seen  below  4.5  kHz  but  strong 
contrast  is  present  above  7  kHz  with  a  transition  region 
between.  The  absence  of  interface  contrast  in  the  laser 
source  images  at  1 . 1  kHz  is  consistent  with  the  absence 
of  contrast  at  low  frequencies  using  the  electron  beam. 
The  w'1  dependence  suggests  a  thermal  signal  generation 
process  in  this  low-frequency  regime.  The  visibility  of  the 
interface  above  8  kHz,  however,  suggests  that  a  nonther- 
mal  mechanism  contributes  to  the  image  contrast  in  this 
case.  This  conclusion  is  further  supported  by  the  absence 
of  any  frequency  dependence  of  the  width  of  the  boundary 
region  (-200  (im).  This  width  should  be  compared  with 
the  SEM  determined  width  of  the  interface  of  3  jzm  and 
with  the  thermal  diffusion  length  of  70  /im  at  7  kHz.  The 
conclusion  is  that  thermal  contrast  is  not  important  in  this 
case  possibly  because  the  width  of  the  apparent  boundary 
(200  nm)  is  large  relative  to  the  thermal  diffusion  length. 
Elastic  contrast  may  be  important  at  higher  frequencies. 
No  model  of  these  phenomena  is  presently  available. 

Summary  of  Results  Regarding  Contrast 

Source-modulated  thermal  imaging  continues  to  de¬ 
velop  with  progress  being  made  in  theory,  analytical  tech¬ 
niques,  and  applications.  The  spatially  resolved  informa¬ 
tion  extracted  from  these  images  is  determined  by  the 
.  excitation  source  and  the  method  of  detection.  There  are 
[  a  wide  range  of  sources  and  detection  methods  in  use  in 
the  field  and  the  discussion  of  image  contrast  must  take 
into  account  the  specific  beam-detector  combination 
chosen. 

At  this  time  image  contrast  for  purely  thermal  detection 
is  understood  qualitatively.  For  relatively  simple  speci- 

imen  geometries,  such  as  thin  films,  quantitative  infor¬ 
mation  about  the  specimen  may  be  obtained.  For  com¬ 
plex,  heterogeneous  materials  such  as  composites  there 

I  are  both  practical  and  conceptual  problems  of  image  anal¬ 
ysis  on  a  small  geometric  scale.  However,  useful  speci¬ 
men  information  may  be  obtained  for  cases  such  as  layer 

(disbonding  where  the  resolution  scale  and  depth  scale  re¬ 
quired  is  large  relative  to  the  scale  of  the  heterogeneity. 

Image  contrast  in  thermoelastic  imaging  is  not  yet  well 
understood.  However,  some  progress  is  being  made.  This 
method  provides  striking  image  contrast  which  is  quali¬ 
tatively  different  from  that  observed  using  purely  thermal 
methods  and  thermoelastic  methods  may  olfer  advantages 
in  specific  applications.  These  features  are  incentives  to 
further  development  of  these  methods.  Both  the  thermal 
and  elastic  properties  of  the  sample  contribute  to  the  ob¬ 


served  contrast.  Additional  work  is  required  for  these 
methods  to  become  quantitative  tools  for  materials  stud¬ 
ies. 

Nonthermal  beam-specimen  interactions  and  nonlinear 
contrast  mechanisms  have  also  been  observed,  but  are 
presently  not  well  understood.  They  offer  the  prospect  of 
enhancing  contrast  by  their  association  with  specific  as¬ 
pects  of  the  specimen  and  should  find  significant  appli¬ 
cations  in  future  developments  of  the  field. 
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